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ABSTRACT 
UV induced photolysis of fructose: Generation of reactive oxygen species and 
their application in photo-degradation of pesticides 
Shaila R. Nayak 
 
 
 
 
Exposure to UV-light at 254 nm has shown to induce photolysis of fructose present 
in the open chain form, generating reactive oxygen species (ROS). The objective 
of this study was to identify these ROS and evaluate whether fructose can be used 
as a photosensitizer for accelerated photodegradation of recalcitrant organic 
compounds such as the pesticides chlorpyrifos and diuron and the organic 
contaminant pentachlorophenol found in flowback water resulting from the 
hydraulic fracturing process. Using fluorescein as reactive oxygen species probe, I 
demonstrated that ROS such as hydrogen peroxide and acidic photolysis products 
were generated during UV exposure of fructose. Hydrogen peroxide generation 
from UV exposed fructose solution was investigated using ferrous sulfate- xylenol 
orange (FOX) assay. After 7 minutes of UV exposure, 63.7±1.11, 52.91±1.07 and 
67.08±1.08 µM hydrogen peroxide was generated in 500 mM fructose solution 
prepared in distilled water and buffer solutions of pH 4.5 and 6.7, respectively. 
Generation of singlet oxygen was identified using Singlet Oxygen Sensor Green 
(SOSG) probe which forms fluorescent endoperoxides (EP) upon reaction with 
singlet oxygen. Approximately 20-fold increase in fluorescence from SOSG-EP 
was observed in 500 mM fructose solution after 1 minute of UV exposure, 
XII 
 
indicating generation of singlet oxygen. The degradation rate of chlorpyrifos and 
diuron was accelerated by approximately two-fold when comparing 500 mM 
fructose as a photosensitizer to UV-alone. Likewise, the presence of 500 mM 
fructose in water and 10% saline solution increased the rate of PCP degradation by 
2.3 and 6.3 times respectively compared to the control (UV exposure alone). These 
results highlight the use of fructose as a photosensitizer for photo-catalytic 
degradation may be particularly attractive to food and beverage processing industry 
where the effluents typically contain high amount of fructose and possibly high 
amounts of pesticide residues. In addition, the results demonstrate the potential of 
fructose as a photosensitizer to treat organic contaminants in highly saline 
solutions, such as flowback water produced during hydraulic fracturing. 
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CHAPTER 1: INTRODUCTION 
 
1.1 UV treatment overview 
Ultraviolet light is a part of the electromagnetic spectrum ranging from 200 to 400 
nm. This spectrum is divided into three different UV ranges- UV-A (near UV) from 
400-315 nm, UV-B (medium UV) from 315-280 nm and UV-C (possess germicidal 
property) from 280-200 nm 2. UV-processing is an emerging non-thermal technique 
for treatment of food. It has found its applications in disinfection of fruit juices 3, 
pasteurization of milk 4, sanitation of food contact surfaces 5, disinfection of food 
surfaces 6 and processing of whole fruits and vegetables 7. Use of UV-light for water 
treatment is a well-established technology and has been used for decades 8. UV 
process is employed in treatment of drinking water, waste water recycling and 
groundwater remediation to decontaminate water from organic contaminants like 
pesticides 9 and for the disinfection of pathogenic microorganisms 10.  
The type and degree of treatment of water depends on the origin of water and its 
intended use. For example, groundwater requires less treatment than surface water 
from lakes and rivers when it is intended use is as drinking water. As an example, 
drinking water treatment involves three stages. The primary stage involves 
coagulation, flocculation and sedimentation of suspended solids in the water. 
Removal of dissolved particles can be achieved through filtration techniques which 
comprise the secondary stage of water treatment. Tertiary treatment involves 
removal of contaminants which have escaped the secondary treatment. 11,12. 
Pesticides in aqueous solutions can be degraded using different tertiary water 
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treatment techniques such as chlorination 13,14, ultrasonic treatment 15, 
electrochemical degradation 16, biodegradation 17,18 ozonation 19, photolytic 
techniques like irradiation by sunlight 20, gamma rays 21,22 and UV light 9,23. 
UV-light is generated by applying voltage across a gas mixture which results in 
discharge of photons. Light of specific wavelengths is emitted from these photons 
and this depends on the gas mixture and the power level of the applied voltage. 
Most of the UV lamps designed for water treatment use mercury vapors in the gas 
mixture as it emits light in the UV-C region, which is germicidal. The amount of 
mercury atoms is directly related to the mercury vapor pressure where the low 
pressure mercury vapors emit monochromatic light. The wavelength at which most 
of the UV treatment of water is carried out is 253.7 nm 8. The degradation of organic 
compounds, such as pesticides, under UV light is brought about by process called 
photolysis.  
Photolysis is the breakdown of a compound due to absorption of energy form a 
photon. 24. The energy required to break the bonds in a pesticide is between 70-120 
kcal/mol, which corresponds to the energy possessed by UV light between the 
wavelengths 250-400 mm. UV photolysis can be divided into direct- or indirect-
photodegradation. In direct-photodegradation, the ground state of a compound is 
promoted to its excited singlet states following the absorption of the energy from a 
photon. Each photon can excite only one pesticide molecule to its excited state 25. 
The molecules in the excited state can undergo homolysis, heterolysis or 
photoionization process to yield degradation products 26. In indirect-
  3 
 
photodegradation, target molecules, such as pesticides, react with another excited 
compound or photochemically reactive species. Advanced oxidation process 
(AOP) is a type of indirect photolysis technique employed to degrade pesticides 
and it involves oxidation of these organic contaminants initiated by compounds 
known as photosensitizers 27.  
1.2 UV-induced Advanced Oxidation Process 
Advanced oxidation process (AOP) is a technique for treating water, which 
involves oxidizing radicals, with hydroxyl radicals being the most common oxidant 
28. The compounds which are used to enhance the UV-induced photodegradation 
by generating these radicals are called photosensitizers. These compounds absorb 
light energy and convert it into chemical energy stored in the reactive radicals 
generated in this process. Under favorable conditions, this chemical energy is 
transferred to the organic contaminants like pesticides, which behave as either 
electron donors or acceptors of the radicals, initiating cascade of reactions like C-
oxidation, isomerization, bond cleavage, dealkylation and dehalogenation along 
with other reactions 25,29. The reactive oxygen species (ROS) generated in this 
process are highly reactive free radicals which can act on organic contaminants 
non-selectively 30. Pesticide degradation has been accomplished by different 
photochemical techniques involving AOPs like Fe(III)/UV, Fe(III)/UV/H2O2, 
Fe(III)/ H2O2 and ferrioxalate/UV/H2O2 
31, semiconductors like ZnO, TiO2, SnO2, 
WO3, and ZnS with sunlight 
32, TiO2/ UV light 
33 and riboflavin tetraacetate with 
radiation of λ>290 nm 29. Fructose has shown significant reactivity upon exposure 
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to UV light of λ=254 nm, exhibiting properties as a potential photosensitizer, which 
is not evident with other common sugars like glucose and sucrose. 
1.3 Fructose as a photosensitizer 
Fructose (C6H12O6) is a common monosaccharide in fruits and fruit juices. 
It is widely used in many food and beverage industries and is the main constituent 
in some of the process streams 34,35. Inevitably, it is also present in the effluent 
streams arising from these industries. Fructose, along with glucose and sucrose, 
have a major contribution to the organic load in effluents from beverage industries 
36,37. Wineries produce wastewater containing 2.6 g/L fructose, whereas industries 
producing syrup of fruit generate wastewater containing 17.9 g/L fructose 38. 
Fructose is an optically active ketohexose occurring naturally in fruits and honey 
39. In aqueous solution, it undergoes mutarotation of which the pyranoid and 
furanoid forms (cyclic forms of D-fructose) do not absorb in the near UV region, 
but the open chain form shows weak absorption (see Figure 1.1). At equilibrium, 
the concentration of the open chain form of fructose is 0.7-0.8% in aqueous solution 
of D-fructose. This form of fructose (keto D-fructose) is responsible for its 
photocatalytic behavior 1,40. Under UV-light at 254 nm, fructose undergoes Norrish 
type I (photochemical cleavage to yield two radical intermediates) and type II (H 
atoms are abstracted intra-molecularly by excited carbonyl groups to form a 
biradical compound) reactions to yield oxidative species like hydroperoxyl, 
superoxide and methylperoxyl radicals 1 (Figure 1.2).  
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Figure 1.1: Acyclic and cyclic structures of D-Fructose in aqueous solution 
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Fructose can be used as a photosensitizer in a UV-system to degrade organic 
contaminants like pesticides in the industrial effluents. To the best of my 
knowledge, no studies on use of fructose as a photosensitizer to degrade recalcitrant 
contaminants such as pesticides have been performed so far. 
1.4 Pesticides of interest 
Use of pesticides in agriculture has increased the yield of agricultural 
produce, but has led to its persistence in the ecosystem 41. Agricultural runoff water 
and effluent from pesticide manufacturing plants may have pesticide level as high 
as 500 ppm. They are the major contributors toward pesticide pollution 42. Diuron, 
chlorpyrifos and pentachlorophenol were the three pesticides studied in this work. 
Diuron and chlorpyrifos are considered as emerging contaminants by the US-EPA 
43. Pentachlorophenol was once extensively used as a herbicide, fungicide and 
algaecide, however, its use is now restricted for health concerns 44. It has been 
detected above its maximum contamination level (MCL) in flowback water 45. A 
detailed discussion about flowback water and pentachlorophenol is given in 
Chapter 4.  
1.4.1 Diuron 
 Diuron [N’-(3,4-dichlorophenyl)-N,N-dimethylurea, C9H10Cl2N2O] is a 
polyurea herbicide widely used for vegetation control. It was introduced by Bayer 
in 1954 and is sold under other brand names, like Karmex and Direx. It is a 
colorless, water soluble powder with molecular weight of 233.1 g/mol. Its half-lives 
in water and soil are 90 and 200 days respectively 46. 
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Figure 1.3: Chemical structure of diuron 
 
 
 
Diuron exhibits its activity by inhibiting photosynthesis in weeds, herbs and other 
unwanted plants. When applied to the soil, it is readily taken up by the roots of 
plants and is trans-located to the leaves and stems via transpiration. It inhibits 
photosynthesis by preventing oxygen and ATP production. 47,48. Its application on 
soils and plants has extended its pollution in ground and surface waters mainly due 
to leaching and surface run-offs. This highly persistent and mobile herbicide has 
been detected in both ground and surface waters at levels ranging from 2.7 to 2849 
ppb in surface water and 0.34 to 5.37 ppb in ground water 49. Apart from the large 
scale application of diuron to control weed on land, it has also found its significance 
in antifouling paints used on sea vessels. This has led to diuron contamination of 
marinas and coastal waters 50,51.  
US-EPA has classified diruon as a potential carcinogen. Diuron forms 
methemoglobin in blood, which is the abnormal form of oxygen carrying 
hemoglobin. This results in less oxygen uptake by blood resulting in weakness and 
shortness of breath. Low doses of diuron (4 mg/kg body weight) has increased the 
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liver weight of rats, which is an indication of organ damage. Also, a decline 
performance by immunity system was seen in a study done on rats 52. 
Apart from UV-assisted AOP of diuron discussed later on (Chapter 3), degradation 
of this herbicide can be achieved by many techniques such as employing persulfate 
activated with ferrous ions 53, dielectric barrier discharge 54, gamma-ray irradiation 
22, catalytic wet oxidation technique using TiO2 
55 and solar energy along with 
Fenton’s reagents and TiO2 56.  
1.4.2 Chlorpyrifos 
 Chlorpyrifos [O,O-diethyl-O-(3,5,6-trichloro-2-pyridinyl) 
phosphorothionate, C9H11Cl3NO3PS], an organophosphate insecticide, is widely 
used in residential and agricultural environment. It was introduced in 1965 by Dow 
Chemical Company and is also known by the other trade names like Dursban® and 
Lursban®. It is a colorless crystalline powder with molecular weight of 350.59 
g/mol.  
 
 
Figure 1.4: Chemical structure of chlorpyrifos 
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Chlorpyrifos is a cholinesterase inhibitor, enzyme responsible for normal 
functioning of the nervous system both in insects and humans 46. It causes 
accumulation of acetylcholine in the nerve endings resulting in increased nerve 
impulses leading to mortality in the target pest. The maximum allowable daily 
exposure set by the EPA for chlorpyrifos is 30 ng/kg body weight 57. There is an 
increased concern about possible health hazards associated with chlorpyrifos 
residue in foods 58. In a toxicity study done on Daphnia carinata, a standard aquatic 
organism widely used in toxicological studies, it was found that chlorpyrifos and 
3,5,6-Trichloropyridinol, a primary metabolite of chlorpyrifos, were toxic against 
the organism with 48 h LC50 value of 0.24 µg/L and 0.2 µg/L respectively 
59. US-
ATSDR (US- Agency for Toxic Substances and Disease Registry) has derived a 
MRL (minimal risk level) and NOAEL (no observed adverse effect level) of 0.03 
mg/kg/day and 0.003 mg/kg/day respectively, for acute and intermediate oral 
exposure to chlorpyrifos. EPA has not set a MCL level for this insecticide yet 60 
 Large scale application of chlorpyrifos has resulted in contamination of soil, 
surface and water. Many studies on degradation of this organophosphate insecticide 
has been done so far. Chlorpyrifos can be degraded using various techniques such 
as electrochemical oxidation 16, photocatalytic process using UV-light and TiO2 
61, 
biodegradation 18 and gamma irradiation & natural sunlight 20. 
1.5 Other photosensitizers studied in this work 
In order to compare the efficacy of the novel photosensitizer fructose 
studied in this work, hydrogen peroxide and titanium dioxide, which belong to the 
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class of commonly used photosensitizers, were also used to degrade the pesticides 
chlorpyrifos and diuron, and the organic contaminant pentachlorophenol.  
1.5.1 Hydrogen peroxide 
 Hydrogen peroxide (H2O2) is a colorless liquid used as a strong oxidizer, 
bleaching agent and disinfectant. It undergoes cleavage on exposure to UV. This 
photolysis of H2O2 produces two hydroxyl radicals per photon absorbed at 254 nm 
which is shown equation 1.1. 
H2O2 + hν   2OH.                      (1.1) 
These hydroxyl radicals generated in water have very high oxidizing capacity and 
they attack organic compounds relatively non-selectively 62.  
1.5.2 Titanium dioxide 
 Titanium dioxide (TiO2) is a naturally occurring oxide of titanium. It has 
wide range of applications like use as pigments in foods, paints and medicines, as 
sunscreen and thickener in cosmetics and as a photocatalyst in UV-light system. It 
has found its way in treating environmental samples as an ideal photo catalyst for 
being relatively cheaper, chemically inert and possessing highly oxidative 
photogenerated holes 63 . Suspended TiO2 particles in liquid medium like water 
irradiated with light of wavelength shorter than 450 nm, undergo excitation leading 
to redox processes producing reactive oxygen species 64. On exposure to UV light 
of wavelength 254 nm in the presence of titanium dioxide, water undergoes 
decomposition which can be shown by the following scheme: 65 
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4TiO2 + 4hv   4e
-
cb + 4h
+
vb          (1.2) 
4H2O + 4h
+
vb  4(
.OH)surface + 4H
+                    (1.3) 
4H+ 4e-cb + O2  2H2O           (1.4) 
4TiO2 + 2H2O + O2              4(
.OH) + 4TiO2….. (overall reaction)                 (1.5) 
Where, e-cb- is the electron in the conduction band, h
+
vb- is the hole in the valence 
band. The overall reaction conditions will dictate the amount of holes (absence of 
electron in a particular place in an atom), .OH radicals, H2O2, O2 and other oxidative 
species which play important role in the photocatalytic reactions 63. For complete 
absorption of the photons from UV, approximately 2.5 g/l (31 mM) is the minimum 
concentration of titanium dioxide that will be required 62.  
1.6 Research objectives and hypothesis 
Past studies have reported that UV (254 nm) exposure of fructose present in fruit 
juices results in formation of furan 66 . Earlier it has been demonstrated that fructose 
accelerates the degradation rates of patulin and ascorbic acid during UV treatment 
of apple juice 67,68. Another study has shown that pH of fructose solution decreased 
by 5.29% upon exposure to high intensity pulsed UV light. Authors have attributed 
their findings to the oxidative nature of products formed due to photolysis of 
fructose when exposed to UV light at 254 nm 69. In another study, by identifying 
the degradation products from the photolysis of fructose, it was hypothesized that 
the open chain form of fructose (0.8% of total fructose), undergoes photolysis when 
irradiated with light of wavelength 254 nm resulting in generation of primary and 
hv 
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secondary free radicals such as hydroxyalkyl, hydroxyalkyl acyl, hydroxyl, 
peroxyl, superoxide radicals and hydrogen peroxide 1. In congruence with the above 
findings,  it has been demonstrated that UV exposure of fructose generates reactive 
oxygen species (ROS). This was dependent on fructose concentration and presence 
of oxygen 70.  
Despite this evidence for generation of ROS from UV exposed fructose, the identity 
of these ROS species is unknown.  Therefore, one of the objectives of my MS thesis 
research was to determine the identity of the reactive oxygen species generated 
from UV exposed fructose (Chapter 2). I also hypothesized that the ability of 
fructose to generate ROS upon exposure to UV light can be harnessed to catalyze 
photo-degradation of recalcitrant organic compounds found in waste-water steams. 
To evaluate this hypothesis, the second objective of this study was to investigate 
photo-catalytic degradation of an insecticide (chlorpyrifos), an herbicide (diuron) 
(Chapter 3) and a potent organic contaminant pentachlorophenol in flowback 
water in presence of fructose (Chapter 4). Finally, in Chapter 5, I will conclude 
my thesis with discussion highlighting general use of fructose as a photosensitizer, 
as well as suggest potential directions for future research. 
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CHAPTER 2: PHOTOLYSIS OF FRUCTOSE 
2.1 Introduction 
 As discussed in Chapter 1, past studies have reported that fructose shows 
significant reactivity upon exposure to UV- light at 254 nm. This chapter includes 
the study of photolysis of fructose under UV-light at 254 nm. The first section 
consists of studying the effect of pH on photosensitization by fructose by using 
fluorescein, a fluorescence probe. Since hydrogen peroxide with a quantum yield 
of 0.06 has been detected in UV exposed oxygenated fructose solution 1, the second 
section of this chapter describes the identification and quantification of H2O2 
generation in UV exposed fructose solutions. Many photosensitizers such as those 
belonging to the class of organic dyes, semiconductors and transition metal 
complexes, generate singlet oxygen as one of the reactive species when exposed to 
radiation 71. Hence, the third section discusses experiments studying the generation 
of singlet oxygen in UV- exposed fructose solution. The fourth section consists of 
the oxidative species generation ability of other monosaccharides like ribose and 
mannose.  
2.2 Materials and methods 
2.2.1 Chemicals 
Fructose, 30% v/v hydrogen peroxide, xylenol orange, ferrous sulfate, 
sorbitol, sulfuric acid, ascorbic acid and fluorescein sodium salt were purchased 
from Sigma Aldrich (Sigma, St. Louis, MO) and Fisher Scientific (Pittsburgh, PA). 
Singlet Oxygen Sensor Green (SOSG) was purchased from Life Technologies 
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(Carlsbad, CA). Sodium phosphate monobasic monohydrate crystal and sodium 
phosphate dibasic 7-hydrate crystal were purchased from JT Baker (Aston, PA). 
2.2.2 UV processing unit 
The experiments were carried out in a bench top batch UV processing unit 
(Spectronics Spectrolinker XL-1500 UV Crosslinker, Westbury, NY). The unit 
consisted of 5 UV lamps (15 W, Spectronics Corporation, Westbury, NY) 
generating light at 254 nm. The total intensity of light incident on samples which 
were mounted in a shielded box (46.4×15.9×31.8 cm) was approximately 48 
mW/cm2. In order to avoid any variations in the intensity of light, the lamps were 
allowed to warm up for 5 minutes before starting the experiments. The temperature 
during UV treatment was 20-25 °C and remained constant throughout all the 
experiments.  
2.2.3 Effect of pH on photosensitization by fructose 
Test solutions consisted of 1 µM fluorescein prepared in either distilled 
water or 100 mM phosphate buffer of pH 6.7. Fructose was added to each of these 
solutions at concentrations of 10, 100 and 500 mM. Treatments were carried out by 
exposing 10 ml of each solution to UV light for up to 10 minutes. For uniformity 
of the treatment within each sample, the solutions were stirred throughout the 
experiment. 200 µL of samples were obtained periodically and the fluorescence 
from fluorescein was measured using a Gemini XPS fluorescence micro-plate 
reader (Molecular Devices, Sunnyvale, CA). The excitation and emission 
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wavelengths were set at 485 nm and 510 nm respectively. Fluorescence data was 
normalized by calculating the relative fluorescence intensity from equation 2.1: 
Relative fluorescence intensity =
100 × 𝐼𝑡
𝐼0
                                                        (2.1) 
Where I0 and It are the fluorescence intensities at time 0 and t minute respectively.  
The solution pH was measured before and after UV exposure for all the samples 
prepared in distilled water.  
2.2.4 Detection of hydrogen peroxide  
Concentration of hydrogen peroxide generated from UV exposure of 
fructose was measured using ferrous oxidation-xylenol orange method (FOX) 
originally developed by Gupta 72. The principle of this method involves oxidation 
of ferrous ions by hydrogen peroxide to ferric ions. Ferric ions under acidic 
conditions form a complex with xylenol orange which can be measured through 
spectrophotometry 72,73.  
The assay solution consisted of 2 mM xylenol orange, 2.5 mM ferrous sulfate, 1 M 
sorbitol and 250 mM sulfuric acid. 100 µl of this assay solution was immediately 
added to 700 µl of test samples consisting of UV exposed 500 mM fructose 
prepared in distilled water or phosphate buffers. This mixture was incubated at 
room temperature for 30 minutes with continuous gentle shaking. After incubation, 
absorbance was measured at 560 nm with a UV-Vis Spectrophotometer (Molecular 
Devices, Sunnyvale, CA). Hydrogen peroxide concentration was determined using 
standard curve. 
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2.2.5 Detection of singlet oxygen  
Singlet oxygen produced during UV treatment of fructose solution was 
detected using Singlet oxygen sensor green (SOSG). SOSG can react with singlet 
oxygen to produce SOSG endoperoxides (SOSG-EP) that emit strong green 
fluorescence at 531 nm 74. SOSG stock solution of 5 mM was prepared in methanol. 
Test solution comprised of 500 mM fructose sample, prepared in phosphate buffer 
of pH 6.7, with 5 µM SOSG added from stock solution immediately before use. 
This solution was exposed to UV light at 254 nm. Fluorescence was measured at 
an interval of 1 minute of UV exposure with excitation and emission wavelengths 
at 504 and 525 nm respectively.  
Data was normalized according to Equation 2.2 
Relative fluorescence =  
 𝐹𝑡
𝐹0
                                                                                     (2.2) 
Where Ft and F0 are the fluorescence values of SOSG at time t minutes and 0 minute 
respectively. Each experiment was conducted in triplicates.  
2.2.6 Data analysis 
Statistical analysis was performed using software STATA 11 (StataCorp. 2009. 
Stata Statistical Software: Release 11. College Station, TX). Two-tailed t-test was 
used to determine statistical significance between the samples. P<0.05 was 
considered to be statistically significant. Each experiment was conducted in 
triplicates and each value represents the average value of these triplicates.  
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2.3 Results and discussion 
2.3.1 Effect of pH on photosensitization by fructose 
Fluorescein dye is commonly used as a tracer or fluorescent probe because it is 
easily detectable and has an excitation and emission wavelengths in the visible light 
spectrum. This dye is susceptible to degradation especially in the presence of 
oxidative species such as hydroxyl and peroxyl radicals 75,76. Hence, fluorescein 
dye was used as a tracer to detect generation of reactive oxygen species generated 
from UV exposure of fructose. Figure 2.1a shows the loss of fluorescence of 
fluorescein in solutions containing various amounts of fructose prepared in distilled 
water and exposed to UV light. In the absence of fructose, the relative fluorescence 
upon exposure to UV light remained close to 100% for up to 10 minutes. This 
provided a good control and gave confidence that any decrease in fluorescence 
observed in the treatment samples could be attributed to generation of oxidative 
species from UV photolysis of fructose alone. In presence of fructose, the UV 
exposure of fluorescein resulted in a gradual decrease of fluorescence, indicating 
generation of reactive oxidative species. The loss of fluorescence as a function of 
UV exposure followed first order kinetics (r2>0.95).   The average rate constants of 
fluorescein degradation in the presence of 10, 100, 500 mM fructose in distilled 
water were 0.05±0.0, 0.56±0.1, 1.35±0.17 min-1 respectively. The rate of 
fluorescence quenching increased with concentration of fructose (p<0.05). 
Interestingly, the pH of the 500 mM fructose solution decreased substantially, from 
5.79±0.01 to 3.53±0.25 after 10 minutes of UV exposure. Similarly, 10 and 100 
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mM fructose solutions also showed a decrease in pH from 5.89±0.01 to 3.84±0.034 
and 5.90±0.02 to 5.64±0.087 respectively. The pH change was concentration 
dependent, with the highest decrease observed in 500 mM fructose solution, 
suggesting that UV exposure of fructose resulted in generation of acidic species. 
These results are consistent with the study by Triantaphylides and others, who also 
showed formation of acidic species such as formic acid, glycolic acid, D-erythronic 
acid and D-arabinonic acid during photolysis of fructose 1. These results are also 
consistent with a past study which showed 5.29% drop in pH of 30% (1666.6 mM) 
fructose solution after 2 min 7 sec of exposure to high intensity pulsed UV light 69.  
 
 
 
 
Figure 2.1a: Relative fluorescence decay of fluorescein as a function of duration 
of UV exposure (minutes) in the presence of fructose (10, 100 and 500 mM) in 
distilled water. Each line is a best fit of first order degradation kinetics. Each data 
point is an average of triplicate measurement ± standard deviation. 
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The dianion form of fluorescein in aqueous solutions has the most intense 
fluorescence. In addition, the fluorescence intensity of this dianion form of 
flourescein is pH dependent, with its quantum yield descreasing substantially with 
a decrease in pH 77,78. Thus, the observed loss of fluorescence in Figure 2.1a can 
be attributed to a combination of generation of ROS and a change in pH. In order 
to determine the effect of ROS alone on fluorescence properties, the same 
experiment was repeated in phosphate buffer as well (Figure 2.1b). Similar to 
treatment in distilled water, fluorescence decreased significantly when fluorescein 
was exposed to UV light in presence of fructose. The reaction followed first order 
kinetics (r2>0.85) and the average rate constants for 10, 100 and 500 mM fructose 
in pH 6.7 were 0.03±0.01, 0.18±0.05, 0.58±0.34 min-1 respectively and for 500 mM 
fructose in buffer of pH 4.5 was 0.198±0.01. A statistical comparison of rate 
constants between the two system revealed that rate constants were significantly 
lower solutions prepared in phosphate buffer compared to those prepared in 
distilled water (p<0.05).  
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Figure 2.1b: Relative fluorescence decay of fluorescein as a function of duration 
of UV exposure (minutes) in the presence of fructose (10, 100 and 500 mM) in 
100 mM phosphate buffer of pH 6.7 and 500 mM fructose in buffer of pH 4.5. 
Each line is a best fit of first order degradation kinetics. Each data point is an 
average of triplicate measurement ± standard deviation. 
 
 
 
The results of this experiment suggest that reactive oxidative species generated 
upon UV exposure of fructose and some of the photolysis products of fructose were 
acidic in nature. Also, the generation of ROS by fructose photolysis is dependent 
on the initial pH of the solution, where low pH generates less ROS as compared to 
high pH. Due to a low specificity of fluorescein, this experiment does not provide 
an understanding of chemical identity of the ROS. Therefore, further experiments 
were performed to identify specific ROS.  
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2.3.2 Generation of hydrogen peroxide in UV treated fructose solutions 
Based on the past studies done on fructose and other photosensitizers under UV-
light, I hypothesized that hydrogen peroxide is generated from photolysis of 
fructose. Figure 2.2 shows concentration of H2O2 generated by UV treatment of 
500 mM fructose prepared in distilled water, phosphate buffer of pH 4.5 and 6.7. 
H2O2 was not detected in the control (distilled water, buffer solutions of pH 4.5 and 
6.7) exposed to UV light. However, H2O2 was detected in UV exposed fructose 
solutions prepared in distilled water and buffers. In all the samples, a rapid increase 
in concentration of H2O2 was observed in the first minute of exposure. After that, a 
more gradual increase in concentration was observed. After 5 minutes, the H2O2 
concentrations stabilized and did not change significantly.  The average 
concentrations of H2O2 produced in 500 mM fructose solution in distilled water 
(initial pH 5.79), buffers of pH 4.5 and 6.7 at the end of 7 minutes of UV exposure 
were approximately 63.7±1.11, 52.91±1.07 and 67.08±1.08 µM respectively. The 
stabilization of H2O2 concentration in all the samples could be explained by the fact 
that H2O2 undergoes photolysis under UV light to produce two hydroxyl radicals 
per photon absorbed at 254 nm as shown in equation 1.1 62. Thus, the stable 
concentration that was observed after extended UV exposure was possibly the 
pseudo-steady-state concentration reached after equilibration between the rate of 
formation of H2O2 from photolysis of fructose and the rate of decomposition of 
H2O2 due to its own photolysis.  
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It is also evident that the rate of generation and final concentration of H2O2 in 
solution was a function of pH of the solution. The lower pH (higher acidity) resulted 
in lower rate and final equilibrium concentration of hydrogen peroxide (p<0.05). 
This trend could be due to inhibition of photolysis of fructose by UV-light at low 
pH or due to decomposition of H2O2 at low pH. Stability of H2O2 is highly 
dependent on the solution pH and presence of trace metal ions coming from buffer 
salts, water or container surfaces. H2O2 is stable at low pH, while at high pH levels, 
HO2
- and metal hydroxo complexes are the major species detected 79. Hence, the 
observed decrease in H2O2 concentration is due to inhibition of fructose photolysis 
at low pH. This is consistent with the results discussed in Section 2.3.1 which 
showed a lower fluorescein degradation rate by fructose in buffer of pH 4.5 as 
compared to buffer of pH 6.7.  
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Figure 2.2: Hydrogen peroxide concentration (µM) generated as a function of 
duration of UV exposure (minutes) by 500 mM fructose solution in DI water and 
100 mM phosphate buffers of pH 4.5 and 6.7. Each data point is an average of 
triplicate measurement ± standard deviation. 
 
 
 
2.3.3 Generation of singlet oxygen in UV treated fructose solution 
Singlet oxygen (1O2) is an energetically rich form of molecular oxygen representing 
the lowest energy excited state of oxygen 74. It is one of the reactive oxidative 
species (ROS) generated in a photosensitized system, both in vitro and in vivo, and 
has found its significance in photooxidation, inactivation of microorganisms and 
cancer therapy 71,80. It is very short lived with half-life of around 200 ns 81. Singlet 
oxygen sensor green (SOSG) reagent is a trade name for highly selective sensor of 
singlet oxygen (1O2). It does not show any appreciable response to hydroxyl or 
superoxide radicals. It exhibits blue fluorescence with excitation peaks at 372 and 
393 nm and emission peaks at 395 and 416 nm. In the presence of 1O2 it shows 
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green fluorescence with excitation/ emission wavelengths at 504/525 nm 74,82 due 
to formation of SOSG-endoperoxides 74. SOSG has been successfully applied to 
study the production of 1O2 in vivo in plants 
83, role of 1O2 in photodynamic 
inactivation of Staphylococcus aureus 80, photo-inhibition of photosynthesis by 1O2 
84 and quantitative measurements of 1O2 produced during photo-irradiation of a 
model photosensitizer Rose Bengal 74. 
In this study, formation of 1O2 in UV exposed fructose was depicted by an increase 
in solution fluorescence from SOSG-EP (Figure 2.3a). The relative fluorescence 
increased in control (phosphate buffer) as well as treatment solutions (500 mM 
fructose) indicating that 1O2 was generated in both the samples. Production of 
1O2 
in UV-treated SOSG solutions in the absence of photosensitizers has been reported 
previously 74,85. Nevertheless, based on the comparison of increase in relative 
fluorescence values, a significantly higher amount of 1O2 was generated in the 
treatment sample compared to control (p<0.05). Interestingly, the relative 
fluorescence began to decrease in fructose solution after one minute of UV 
exposure and continued to decrease for the duration of the experiment (Figure 
2.3a). On the contrary, the fluorescence continued to increase in control samples 
through the duration of the experiment. The increase in fluorescence in the control 
could be attributed to the production of 1O2 by SOSG itself under UV radiation 
85, 
while the decrease in SOSG-EP fluorescence intensity after 1 minute is 
hypothesized to be due to reduction of SOSG-EP by fructose present in the cyclic 
form (99.2%). 
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Figure 2.3a: Relative fluorescence of SOSG-EP in solution of 500 mM fructose 
in phosphate buffer, as a function of duration of UV exposure (minutes). Each 
data point is an average of triplicate measurement ± standard deviation. 
 
 
 
Since fructose is known to act as a reducing agent due to the presence of the 
carbonyl keto group 86, it is plausible that the reduction of SOSG-EP by cyclic 
fructose would lower the fluorescence intensity. To test this hypothesis, ascorbic 
acid (AA), a mild reducing agent was added to the buffer solution of pH 6.7 after 2 
minutes of UV exposure at concentration of 50 mg/L. As shown in Figure 2.3b the 
fluorescence of control solution continued to increase in the absence of AA, 
however after its addition, the fluorescence remained at the level observed after 2 
minute of exposure and did not increase upon further UV exposure. The 
fluorescence values of the two systems were significantly different after 5 minutes 
of UV exposure (two-tailed, p<0.05). These results provide an indication that 
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presence of a reducing agent (such as cyclic fructose or AA) can inhibit SOSG-EP 
formation, such as that observed in experiments involving fructose. However, it 
does not fully explain the observed decrease in fluorescence intensity of SOSG-EP 
in presence of fructose and further research is needed to address this unexpected 
behavior. In this study, it is also interesting to observe that generation of singlet 
oxygen followed a similar path as generation of hydrogen peroxide, in that both 
products showed a swift increase in concentration in the first minute of exposure.  
 
 
 
 
 
Figure 2.3b: Relative fluorescence of SOSG-EP in solution of 50 mg/L ascorbic 
acid (AA) in phosphate buffer, added after 2 minutes of UV exposure as a 
function of duration of UV exposure (minutes). Each data point is an average of 
triplicate measurement ± standard deviation. 
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2.3.4 Generation of ROS by other sugars-ribose and mannose 
Sugars like glucose and sucrose do not possess any photocatalytic properties under 
UV-light 70. The ability of other monosaccharides like ribose (an aldopentose) and 
mannose (an aldohexose and an epimer of glucose) to generate ROS was studied in 
this work. The photosensitization ability of these sugars was studied because they 
belong to the class of simple sugars like fructose and they contain some fraction in 
the open chain form when in equilibrium in aqueous solution.  Figures 2.4 and 2.5 
show the loss of fluorescence of fluorescein as a function of duration of UV 
exposure in the presence of different concentrations of ribose and mannose 
respectively. 
 
 
 
 
Figure 2.4: Relative fluorescence decay of fluorescein as a function of duration 
of UV exposure (seconds) in the presence of ribose (0, 300, 500 mM) in distilled 
water. Each line is a best fit of first order degradation kinetics. Each data point is 
an average of triplicate measurement ± standard deviation. 
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Figure 2.5: Relative fluorescence decay of fluorescein as a function of duration 
of UV exposure (seconds) in the presence of mannose (500 and 800 mM) in 
distilled water. Each line is a best fit of first order degradation kinetics. Each data 
point is an average of triplicate measurement ± standard deviation. 
 
 
 
The average rate constants for first order degradation of fluorescein in the presence 
of 300 and 500 mM ribose were 0.009±0.001 and 0.013±0.001 sec-1 respectively, 
while in the presence of 500 and 800 mM mannose were 0.00093±0.0009 and 
0.000767±0.000321 sec-1 respectively. These rate constant values show that ribose 
and mannose do generate some reactive oxygen species, albeit their 
photosensitization is not as effective as fructose. The reason for the lower 
effectiveness could be due to the fact that the concentration of open chain forms of 
ribose and mannose in aqueous solutions are 0.1% 87 and 0.04% 88 respectively, 
while the open chain form of fructose, which is known to photolysis under UV-
light 1, constitutes 0.7-0.8% of total fructose in solution. Except for this work, no 
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studies, to date, regarding the behavior of ribose and mannose under UV-light have 
been reported. Since some ROS generation is seen, there is scope for more 
investigation to study ribose and mannose as potential photosensitizers.  
2.4 Conclusion 
This work demonstrated that UV induced photolysis of fructose generates ROS and 
this production of ROS is dependent on the pH of the solution. Generation of ROS 
is also accompanied by production of acidic species. This work also showed that 
UV exposure of fructose results in generation of at least three oxidative species: 
H2O2, hydroxyl radicals (likely to originate from photolysis of H2O2) and singlet 
oxygen. Many UV-assisted photo-catalytic processes employ H2O2 for degradation 
of chemicals, such as pesticides. A photo-fenton process which consisted of H2O2-
FeSO4/ UV system assisted in the degradation of diuron 
89. Organophosphorous 
pesticide formulation containing profenofos, diazinon and fenitrothion showed 
accelerated degradation in UV/ H2O2 system as compared to UV treatment alone 
90. Similarly, studies have shown detrimental effects of singlet oxygen on 
pesticides. Combination of UV-B irradiation and rose bengal as photosensitizer 
degraded fenthion, an organophosphorous pesticide through the mechanism of 
photo-oxidation by singlet oxygen 91. Another study has shown degradation of 
herbicides and fungicides in irradiated compost through hydroxyl radicals and 
singlet oxygen 92. Since this work demonstrated generation of hydrogen peroxide 
and singlet oxygen from UV exposure of fructose, it is plausible that fructose can 
act as photosensitizer in accelerating the UV induced degradation of the selected 
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contaminants, diuron and chlorpyrifos. Therefore, the next chapter discusses the 
effectiveness of fructose as a photosensitizer in degrading two pesticides: 
chlorpyrifos and diuron. 
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CHAPTER 3: PHOTOCHEMICAL DEGRADATION OF DIURON AND 
CHLORPYRIFOS 
3.1 Introduction 
Diuron and chlorpyrifos are highly ubiquitous pesticides in the 
environment. Due to the persistent nature of chlorpyrifos, a data from CDC (Center 
of Disease Control) showed 93% of US citizens had chlorpyrifos in the body. This 
has been attributed to the wide scale application of this organophosphate insecticide 
on agricultural lands (PAN (Pesticide Action Network), 2006). Due to its extensive 
application on land to control the growth of weeds and in antifouling paints in sea 
vessels, diuron and 3,4-dichloroaniline, its primary derivative, are found in many 
environments like soil, water and sediments 47. Hence, it is necessary to control 
these pesticides in the environment and bring their concentrations down to 
acceptable levels.  
Many techniques have been employed to degrade chlorpyrifos and diuron in water 
(mentioned in Chapter 1). Based on the results form UV photolysis of fructose 
discussed in Chapter 2, it can be inferred that fructose is capable of generating 
reactive oxygen species under UV radiation. In the current chapter, the 
photocatalytic property of fructose has been harnessed to degrade chlorpyrifos and 
diuron photochemically.  
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3.2 Materials and methods 
3.2.1 Chemicals 
Diuron (>98% purity), chlorpyrifos (>99.8% purity), fructose, 30% v/v hydrogen 
peroxide, titanium dioxide, pesticide grade acetonitrile and iso-octane were 
purchased from Sigma Aldrich (Sigma, St. Louis, MO) and Fisher Scientific 
(Pittsburgh, PA).  
3.2.2 UV processing unit 
The UV-treatment set-up remained same as discussed in Chapter 1. 
3.2.3 Photochemical degradation of diuron  
Stock solution of diuron (1000 mg/L) was prepared in acetonitrile. Treatment 
solution consisted of 25 mg/L of diuron in de-ionized water incorporated with 0-
500 mM fructose. Experiments were performed by exposing 15 mL of this solution 
in a petri dish to UV light for up to 4 minutes. Diuron concentration was measured 
using reverse phase High Pressure Liquid Chromatography with PM-80 pump 
(Bioanalytical systems, Inc. Indiana, USA).  The mobile phase consisted of 70% 
acetonitrile and 30% 100 µM sodium phosphate buffer at pH of 3.5. The flow was 
isocratic and rate was maintained at 1 ml/minute throughout the analysis. 
Separation was carried out by a C18 column of 5 µm thickness and dimensions of 
45 mm x 4.6 mm (Shimadzu Inc., MD, USA). Diuron was detected by SPD- 20A 
Prominence UV/Vis detector (Shimadzu Inc., MD, USA) at 254 nm. The retention 
time for the herbicide with the above HPLC settings was 1.118 minutes.   
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Data was normalized using Equation 3.1.  
% Diuron remaining =
100 × 𝐶𝑡
𝐶0
                                                                         (3.1) 
Where Ct and C0 are the concentrations of diuron at time t minutes and 0 minute 
respectively. Each experiment was conducted in triplicates.  
3.2.4 Photochemical degradation of Chlorpyrifos  
Stock solution of 1000 mg/L was prepared in acetonitrile and stored at 4 °C. 
Working solution of chlorpyrifos was prepared by diluting the stock solution with 
de-ionized water to the concentration of 2 mg/L. To this, 0-500 mM of fructose was 
added. Experiments were performed by exposing 15 mL of this solution in a petri 
dish to UV light for up to 20 minutes.  Samples were taken periodically and 
chlorpyrifos concentration was measured. Chlorpyrifos was extracted from the 
treatment solution by liquid-liquid extraction using iso-octane as the extracting 
solvent in 1:1 ratio. Aqueous and organic phases were mixed gently for 15 minutes. 
The samples were then centrifuged at 5712 rcf for 5 minutes (Allegra 6KR 
Centrifuge, Beckman Coulter, California, USA). Chlorpyrifos concentration in the 
iso-octane phase was measured using a GC-PFPD system, Agilent Technologies 
5890 Series II GC) (Agilent Technologies, Delaware, USA) and O-I Analytical 
Model 8380 Pulsed Plame Photometric Detector (College Station, Texas, USA). 
The column used was DB-5MS (30 m length, 0.25 mm internal diameter, 0.25 µm 
film) (Agilent technologies, Delaware, USA). Injection temperature was set to 225 
°C and the initial column temperature was set at 150 °C for 2 minutes and then 
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increased to 200 °C at the rate of 15 °C/minute. The PFPD temperature was set at 
250 °C. The carrier gas used was consisted of helium at 1.0 ml/min flow rate with 
hydrogen at a flow of 12.1 ml/min and air at a flow of 10.3 ml/min. Retention time 
for chlorpyrifos was 12.28 minutes.  
Data was normalized according to Equation 3.2. 
% chlorpyrifos remaining =   
100 ×  𝐶𝑡
𝐶0
                                                             (3.2) 
Where Ct and C0 are the concentrations of chlorpyrifos at time t minutes and 0 
minute respectively. Each experiment was conducted in triplicates.  
3.2.5 Data analysis 
Statistical analysis was performed using software STATA 11 (StataCorp. 2009. 
Stata Statistical Software: Release 11. College Station, TX). Two-tailed t-test was 
used to determine statistical significance between the samples. P<0.05 was 
considered to be statistically significant. Each experiment was conducted in 
triplicates and each value represents the average value of these triplicates. 
3.3 Results and discussion 
3.3.1 Photochemical degradation of diuron 
Fructose undergoes photolysis to generate reactive oxygen species 1,70. In the earlier 
chapter, H2O2, 
1O2 and HO
. were identified as some of the ROS generated by 
fructose under UV-light. As discussed before in Chapters 1 and 2, these species 
are capable of degrading pesticides 90–92. Figure 3.1a shows the UV induced 
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degradation of diuron in the absence and presence of fructose (300 and 500 mM). 
UV induced degradation of diuron followed first order kinetics (r2>0.99). UV light 
by itself was capable of degrading diuron. This is consistent with past studies that 
showed that diuron was degraded by UV-C light alone 31,94. The average 
degradation rate constant for first order degradation of diuron in presence of 0, 300 
and 500 mM fructose were 0.9253±0.08, 1.545±0.75 and 2.0783±0.61 min-1 
respectively. Statistical analysis showed that the rate constant for degradation was 
significantly higher in presence of 500 mM fructose compared to control (two-
tailed, p<0.05), while it was not significantly different at 300 mM fructose 
(p>0.05). The t50% (time required for 50% degradation of diuron) were calculated 
based on the reaction constants. The t50% in presence of 500 mM fructose was 0.334 
minute compared to 0.74 minute in the absence of fructose, indicating doubling of 
degradation rate in presence of fructose.  
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Figure 3.1a: Percent of diuron remaining as a function of duration of UV light 
exposure (minutes) in aqueous solution containing no photosensitizer (control), 
300 and 500 mM fructose. Each line is a best fit of first order degradation 
kinetics. Each data point is an average of triplicate measurement ± standard 
deviation. 
 
 
 
Many studies on photochemical degradation of diuron using different 
photosensitizers have been reported. Under UV light, diuron was degraded by 60% 
and 100% within 10 minutes in the presence of TiO2 and platinized TiO2 
respectively with catalyst dosage of around 0.08% g/L. The reaction rates were 
0.426 min-1 and 0.111 min-1 for Pt-TiO2  and TiO2 respectively 
95. Malato and others 
89 demonstrated that photo-Fenton degradation is more effective than TiO2 assisted 
photolysis using sunlight for degrading water soluble pesticides, diuron being one 
of them.  The first order rate constants for photocatalysis using TiO2 and photo-
Fenton were 0.092 and 0.2 min-1 respectively. The rate of diuron degradation 
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depends on the experimental conditions and the type of photosensitizers used. The 
source of radiations used in these studies were Xe-lamp 95 and solar UV radiation 
89 which are different from the ones used in this study making it difficult to compare 
the results of these studies with the effectiveness of fructose under the experimental 
conditions used in this study. Therefore, in order to compare fructose, TiO2, and 
H2O2 as photosensitizers, I also measured the diuron degradation in presence of 
H2O2 (1.47 mM) and TiO2 (125 mM). These concentrations for H2O2 and TiO2 were 
chosen because earlier experiments indicated that these produced the highest levels 
photocatalytic photodegradation activity on fluorescein (Appendix Figure 1-2). 
The comparison of fructose, TiO2, and H2O2 as photosensitizers is shown in Figure 
3.1b. The degradation rate constants for diuron in the presence of 1.47 mM H2O2 
and 125 mM TiO2 were 1.5823±0.4 and 1.4716±0.4 min
-1 respectively. These 
values are comparable to the degradation rate constant (2.0783±0.61 min-1) 
obtained in presence of 500 mM fructose.   
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Figure 3.1b: Percent of diuron remaining as a function of duration of UV light 
exposure (minutes) in aqueous solution containing 500 mM fructose, 1.47 mM 
H2O2 or 125 mM TiO2. Each line is a best fit of first order degradation kinetics. 
Each data point is an average of triplicate measurement ± standard deviation. 
 
 
 
Although the degradation products of diuron using fructose a photosensitizer were 
not determined in this work, other studies have reported that photodegradation of 
diuron by UV irradiation in the absence of photosensitizer follows a number of 
pathways leading to de-chlorination, de-carbonylation and loss of N-dimethyl 
group of the parent compound. N-4,5-dichloro-phenylisocyanate, N-dichloro-
phenyl-isocyanate, benzene-isocyanate, N-(4-isopropyl-phenyl)-formamide, 
aniline and 2-methyl-propinic acid, are some of the degradation products that have 
been reported 96. Aqueous diuron solution irradiated with UV at 254 nm led to the 
formation of 3-(4-chloro-3-hydroxyphenyl)-1,1-dimethylurea as the major product 
97. Photodegradation by hydroxyl radical arising from Fe (III) formed 3-(3,4-
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dichlorophenyl)-1-formyl-1-methylurea as the major product 98. Since fructose was 
shown to generate similar oxidative species in Chapter 2, it can be anticipated that 
diuron degradation by UV exposed fructose would follow similar pathways as that 
discussed above. However, more research is needed to determine if fructose 
produced other degradation products as well.  Further research is also needed to 
determine the toxicity of these degradation products. 
3.2.2 Photochemical degradation of chlorpyrifos 
Similar photochemical degradation studies as discussed in Section 3.2.1 for diuron, 
were carried out for the insecticide chlorpyrifos. Unlike diruon, liquid-liquid 
extraction into iso-octane was required to quantify chlorpyrifos. The average 
extraction efficiency using this solvent extraction process was approximately 85% 
(data not shown). Figure 3.2a shows UV induced degradation of chorpyrifos in the 
absence (control) and presence of various concentrations of fructose. Chlorpyrifos 
was inactivated by UV light alone. The degradation rate followed first order 
kinetics.  This is consistent with previous studies that showed chlorpyrifos 
degradation by UV-C light alone 23,61. However, the UV induced degradation of 
chlorpyrifos was accelerated in presence of fructose. In all the cases, the 
degradation kinetics followed first order (r2>0.96). The average degradation rate 
constant for chlorpyrifos in presence of 0, 300 and 500 mM of fructose was 
2.46±0.15, 3.14±0.51, and 3.85±0.1 min-1 respectively. Statistical analysis on the 
degradation rate constants showed that the presence of 500 mM fructose increased 
the rate of degradation compared to UV exposure alone, (p<0.05), while 300 mM 
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fructose did not have a significant effect (p>0.05). The t50% (time required for 50% 
degradation of chlorpyrifos) were calculated based on the reaction constants. The 
t50% in presence of 500 mM fructose was 12.1 minute compared to 22.4 minute in 
the absence of fructose. Hence it can be predicted that the oxidative species 
produced by fructose under UV light at 254 nm are capable of degrading 
chlorpyrifos with 500 mM fructose reducing the pesticide to nearly 20% at the end 
of 20 minutes.  
 
 
 
 
Figure 3.2a: Percent of chlorpyrifos remaining as a function of duration of UV 
light exposure (minutes) in aqueous solution containing no photosensitizer 
(control), 300 and 500 mM fructose. Each line is a best fit of first order 
degradation kinetics. Each data point is an average of triplicate measurement ± 
standard deviation. 
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Similar to diuron, photo-catalytic degradation experiments were also performed 
using H2O2 and TiO2. Figure 3.2b shows the percent relative chlorpyrifos as a 
function of duration of UV exposure in the presence of 1.47 mM hydrogen peroxide 
and 125 mM titanium dioxide. Chlorpyrifos inactivation followed first order 
kinetics  The average degradation rate constants were 1.47 mM H2O2 and 125 mM 
TiO2 were 0.91±0.0.5 and 0.98±0.47 min
-1 respectively. Thus, the inactivation rate 
of chlorpyrifos in presence of hydrogen peroxide and titanium dioxide was 
significantly higher than in presence of 500 mM fructose.  
 
 
 
 
Figure 3.2b: Percent of chlorpyrifos remaining as a function of duration of UV 
light exposure (minutes) in aqueous solution containing 500 mM fructose, 1.47 
mM H2O2 or 125 mM TiO2. Each line is a best fit of first order degradation 
kinetics. Each data point is an average of triplicate measurement ± standard 
deviation 
  43 
 
Although degradation products of chlorpyrifos were not performed in this study, it 
is known that the UV photo-degradation pathway of chlorpyrifos, in the absence of 
a photosensitizer initiates by the cleavage of chloro group or ethyl group leading to 
the end product O-ethyl-O-(3,5,6-trichloro-2-pyridil)-hydrogene-
phosphorothioate. Breakage of another chloro-group and ethyl group leads to the 
formation of O-ethyl-O-(5-chloro-2-pyridil)-hydrogene- phosphorothioate and O-
(5-chloro-2-pyridil)-dihydrogene-phosphorothioate respectively 96. FTIR spectra 
of UV/ H2O2/ TiO2 treated chlorpyrifos solution has indicated formation of 
carbonyls groups like aldehyde and carboxylic acids, weakening of C=C bonds of 
chloroalkenes, C-C stretching of phenyl ring, C=N stretching due to pesticide 
molecule vibration, isomerization of the pesticide as well as modification of the Cl-
C, P=S and (C=O)-O- stretching 99. The oxidative species generated during UV- 
fructose photosensitization are similar to those produced by UV/ H2O2 / TiO2. 
Hence, photo-degradation of chlorpyrifos in this study is expected to follow similar 
pathways.  However more research is needed to investigate whether fructose 
produced different or additional degradation compounds. 
 From the rate constant values for first order degradation of diuron and 
chlorpyrifos, it can be seen that diuron degrades at a faster rate compared to 
chlorpyrifos. Since the photochemical reaction conditions in both cases were same, 
the reason for the faster degradation in case of diuron could be related to their 
molecular structures (Figures 1.3 and 1.4) and associated bond energies. Table 3.1 
shows a comparison between the bonds and bond energies involved in each of these 
pesticides.  
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Table 3.1: Bonds and corresponding bond energies in diuron and chlorpyrifos  
(Bond energy values retrieved from 100) 
Diuron Chlorpyrifos 
Bond Average Bond energy 
(kJ/mol) 
Bond  Average Bond energy 
(kJ/mol) 
3(C-C) 3×346=1038 4(C-C) 2×346=1684 
3(C=C) 3×602=1806 2(C=C) 2×602=1204 
2(C-Cl) 2×327=654 C-N 305 
5(C-N) 5×305=1525 C=N 615 
N-H 386 3(C-O) 3×358=1074 
C=O 799 3(P-O) 3×335=1005 
6(C-H) 6×411=2466 P=S 335 
  10(C-H) 10×411=4110 
Total 8674 Total 10032 
 
 
 
Chlorpyrifos degradation is initiated by loss of chloro and ethyl groups involving 
breakage of C-Cl and C=O bonds which require more energies than de-chlorination, 
de-carbonylation and loss of N-methyl groups involving C-Cl and C-N bond 
breakage in diuron. Also, the overall average energy required for complete 
breakdown of chlorpyrifos is higher than that for diuron (Table 3.1). This could be 
one of the reasons for the faster photochemical degradation rates in case of diuron 
as compared to chlorpyrifos.  
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3.3. Conclusion 
The results of this study demonstrate that exposure to 254 nm UV light causes 
photolysis of fructose resulting in generation of oxidizing species such as hydrogen 
peroxide, hydroxyl radicals, singlet oxygen and miscellaneous acidic molecules. 
Further research is needed to identify whether more diverse oxidizing species are 
also generated.  Due to generation of these oxidizing species, fructose can act as a 
photosensitizer and accelerate UV induced degradation of compounds. This was 
demonstrated by accelerated UV induced degradation of chlorpyrifos and diuron in 
presence of fructose.  The photo-catalytic process initiated or accelerated by 
fructose may be particularly attractive to food and beverage processing industry as 
the effluents emanating from them typically contain high amount of fructose. The 
relatively lower cost of fructose, its biodegradability, and significantly higher 
chemical safety can make fructose an attractive alternative to conventional 
photosensitizers in specific situations. 
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CHAPTER 4: PHOTOCHEMICAL DEGRADATION OF 
PENTACHLOROPHENOL IN FLOWBACK WATER 
4.1. Introduction 
 Fructose behaves as a photosensitizer under UV light and is capable of 
degrading organic contaminants like pesticides in water, as shown in Chapter 3. In 
this chapter, UV-fructose system has been employed to degrade pentachlorophenol, 
one of the recalcitrant compounds detected above its MCL in flowback water 
produced from the hydraulic fracturing process.  
4.1.1 Hydraulic fracturing process and flowback water 
Natural gas and oil reserves trapped within deep shale rock formations were 
previously untapped sources of energy before a recent surge in the application of 
hydraulic fracturing process to extract oil and gas from such geological formations. 
Hydraulic fracturing, frequently called fracking, is a well stimulation process, 
which involves pumping fracturing fluids under pressure into the shale rocks in 
order to create fractures that make way for the natural gas and oil to flow into a 
producing wellbore 101. The fracturing fluid contains water (98-99.5%) and propant 
(2-0.5%). The propant is comprised of a blend of chemicals such as gels, acids, 
biocides, corrosion inhibiter and friction reducer 45. Several million gallons of water 
is used for the fracturing process at a single wellbore. Following fracking, water 
naturally contained in the shale rocks comes to the surface throughout the entire 
span of the gas well. This is called “produced water”. It contains high levels of total 
dissolved solids, minerals and hydrocarbons 102. After 7-14 days following the 
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process, 10-30% of the fracking fluid flows back to the surface due to the release 
of pressure. This stream of fluid is called “flowback water” and contains salts, 
metals and soluble organics. These additives are produced due to the constituents 
of the fracking fluid, possible mixing with brine in the rock formations and/or the 
reaction between the constituents of the fracking fluid and substances within the 
shale rocks 45,101,103. The main difference between produced water and flowback 
water is the flowrate with which the water comes to the surface. Produced water 
comes at a much slower rate as compared to flowback water 102. The present study 
focuses on decontamination of flowback water from fracking process. 
The National Pollution Discharge Elimination System (NPDES) program of US-
EPA regulates the surface water discharges of flowback water. It requires this water 
to be treated prior to discharge into surface water or reuse for the fracturing process 
104. Characterization of the geochemical composition of flowback water from the 
fracking of the Marcellus Shale has shown that concentration of inorganic 
compounds in flowback water (e.g., Cl, Br, Na, K, Ca, Mg, Sr, Ba, Ra, Fe, Mn) 
increases with time after fracking, with the greatest concentration of Cl- reported 
being 151 g/L (15.1%) 105. Data analysis of measured constituents in flowback 
waters collected from various drilling sites in Pennsylvania, New York, and West 
Virginia have shown the presence of organic compounds, some at mean 
concentrations greater than their maximum contamination level (MCL) 45. The 
flowback water treatment process depends on the total volume of water to be 
treated, the constituents that need treatment, the concentration of these constituents, 
and reuse and discharge requirements 101.  
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4.1.2 Pentachlorophenol 
Pentachlorophenol (PCP) is an organochlorine compound. It was once 
extensively used as herbicide, fungicide, algaecide and wood preservative in the 
United States, however, its use is now restricted 44. PCP is also known by other 
names such as Santophen, Pentachlorol, Dowicide 7, Pentacon. It appears as a white 
crystalline solid with a molecular mass of 266.34 g/mol. 
 
 
 
 
Figure 4.1: Chemical structure of Pentachlorophenol 
 
 
 
Pentachlorophenol (PCP) was one of the organic contaminants detected in 
Marcellus Shale flowback water, at a mean concentration of 33 µg/L. This amount 
of PCP is 33 times higher than its MCL (maximum contamination level) of 1 µg/L 
set by US-EPA 45. The source of PCP in flowback water is unknown but could be 
a part of the propant that is injected for hydraulic fracturing. PCP is highly 
persistent in the environment due to its resistance towards biodegradation and 
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potential bioaccumulation 106. Acute exposure to PCP in humans through ingestion 
and inhalation have resulted in neurological, blood, eye and liver defects, while 
chronic exposure has affected blood, kidney, liver and the immune system. Animal 
studies have shown association between ingestion of PCP and occurrence of cancer. 
Hence, EPA has classified PCP as a probable carcinogen 44. 
Many techniques for degrading PCP in water have been studied. Some of them 
include degradation using sulfate and hydroxyl radicals through electrochemical 
activation of oxidants 107, use of TiO2 nanoelectrodes under UV irradiation 
108, 
immobilized TiO2 on titanium metal 
109, microbial degradation in soil 110, Fe-
oxalate/ UV system 111 and FeSO4/ZnO composites- UV system 
112. However, no 
study employing fructose-UV photo catalytic system to degrade PCP in flowback 
water has been reported thus far. Therefore, the objective of this study was to 
evaluate the efficacy of fructose as a photosensitizer to accelerate the UV-induced 
degradation of PCP in simulated flowback water with high salinity (10% salt) in 
comparison with well-studied photosensitizers, H2O2 and TiO2.  
4.2. Materials and method 
4.2.1 Chemicals 
Sodium salt of pentachlorophenol, fructose, titanium dioxide, pesticide grade 
acetonitrile and methanol, sodium chloride, potassium chloride, calcium chloride, 
30% v/v hydrogen peroxide, xylenol orange, ferrous sulfate, sorbitol and sulfuric 
acid were purchased from Sigma Aldrich (Sigma, St. Louis, MO, USA) and Fisher 
Scientific (Pittsburgh, PA, USA).  
  50 
 
4.2.2 UV treatment 
The UV-treatment set-up remained same as discussed in Chapter 2. 
4.2.3 Pentachlorophenol degradation 
Stock solution of pentachlorophenol (1000 mg/l) was prepared in methanol. To 
study the photochemical degradation of PCP, 300, 500 mM fructose and 125, 500 
mM TiO2 were added individually to de-ionized water or saline water (10% salt).  
The average concentrations of Na+, K+ and Ca2+ ions in flowback water are 36.4, 
0.28 and 11.2 g/L. Based on these values and assuming that NaCl, KCl and CaCl2 
salts undergo complete dissociation in water, mixture of these salts was added in 
the ratio 1101: 6.39: 1 respectively. Treatment solution consisted of 25 mg/L of 
PCP in di-ionized water/ saline water with the appropriate photosensitizer (300, 500 
mM fructose, 1.47 mM H2O2, 125, 500 mM TiO2). Experiments were performed 
by exposing 15 mL of this solution in a petri dish to UV light for up to 4 minutes. 
For uniformity of treatment within each sample, the solutions were magnetically 
stirred. Prior to analysis, samples containing fructose were filtered through syringe 
filters of diameter 13 mm with PTFE pore size 0.22 µm while those with TiO2 were 
centrifuged at 14000 rpm for 7 minutes to sediment TiO2. 
4.2.4 Pentachlorophenol analysis 
 PCP concentration was measured using reverse phase High Pressure Liquid 
Chromatography (HPLC) (Shimadzu, Maryland, USA).  The mobile phase 
consisted of methanol in gradient flow. This was initiated by 1% (v/v) phosphoric 
acid in MilliQ (RO) water for 4 minutes. Methanol concentration was increased 
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linearly to 100% within 21 minutes and this was maintained for 5 minutes followed 
by a linear decrease to 0% within 5 minutes. This was followed by 1% (v/v) 
phosphoric acid in MilliQ (RO) water flow for 5 minutes. The flow rate was 
maintained at 1 ml/minute throughout the analysis. Separation was carried out by 
column RESTEK 558389 (Bellefonte, PA, USA), a C18 column of 3 µm thickness 
and dimensions 50 x 4.6 mm. Column temperature was set at 45 °C. Sample 
injection volume was 10 µl. PCP was detected by UV detector at 254 nm with 
temperature set at 40 °C. The retention time was 17.5-18 minutes. Data was 
normalized according to equation 4.1.  
% PCP remaining =
100 ×  𝐶𝑡
𝐶0
                                                                            (4.1) 
Where Ct and C0 are the concentrations of PCP at time t minutes and 0 minutes 
respectively. 
4.3.5 Detection of hydrogen peroxide 
Method remained same as discussed in Chapter 2. 
4.4 Results and discussion 
The use of fructose as a photosensitizer for photocatalytic degradation of PCP in 
water, with or without salt, had never been investigated. Therefore, studies were 
first carried out in the absence of salt to determine the ability of the UV-fructose 
system to degrade PCP. Due to the high salinity of flowback water, studies aimed 
at characterizing the effect of salt concentration and salt type on the photocatalytic 
degradation of PCP in the absence and presence of different types of photosensitizer 
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were performed. In particular, fluorescein and the FOX assay were used to further 
characterize the effects of salinity on the degradation of PCP when fructose is used 
as a photosensitizer.   
4.4.1 Effect of salt concentration on direct photolysis of PCP 
Flowback water is highly saline and contains large amounts of chloride ions. The 
main hypothesized reason for high salinity is due to the dissolved constituents from 
the shale into the fracking fluid 105. Figure 4.2 shows the effect of salt concentration 
on photolysis of PCP by UV light alone. PCP solutions were made in different salt 
concentrations (0, 5, 10, 20, 30%) each containing the same proportion of NaCl, 
KCl and CaCl2 salts in the mixture. The first order rate constants in the presence of 
0, 5, 10, 20 and 30% salt mixture were 0.194±0.04, 0.078±0.027, 0.067±0.027, 
0.056±0.019 and 0.058±0.028 min-1 respectively. A significant decrease in the 
reaction rate in the solutions containing salt was seen as compared to the sample 
with 0% salt. Also, slight decrease in the degradation rate with increase in salt 
concentration was seen, however this was not significantly different (two-tailed t-
test, p>0.05). This indicates that presence of salt affects the direct photolysis by 
UV-light but is not concentration dependent.  
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Figure 4.2 Percent of pentachlorophenol (PCP) remaining as a function of 
duration of UV light exposure (minutes) in aqueous solution containing 0, 5, 10, 
20 or 30% salt. Each line is a best fit of first order degradation kinetics. Each data 
point is an average of triplicate measurement ± standard deviation. 
 
 
 
4.4.2 Effect of salt type on direct photolysis of PCP 
The salt used to produce Figure 4.2 (and later Figures 4.4, and 4.5) was a mixture 
of NaCl, KCl and CaCl2. It is possible that the different types of salts may have 
differing effects on PCP degradation by UV-light alone. In order to study the effect 
of salt type on PCP degradation, 10% solutions of NaCl, KCl and CaCl2 containing 
25 ppm PCP were exposed individually to UV- light. The results are shown in 
Figure 4.3. The rate constants for 10% solutions of NaCl, KCl and CaCl2 were 
0.094±0.027, 0.057±0.011 and 0.072±0.017 min-1 respectively. These values were 
not significantly different from each other, indicating the effect of salt on PCP 
degradation is independent of the salt type. 
  54 
 
 
Figure 4.3 Percent of pentachlorophenol (PCP) remaining as a function of 
duration of UV light exposure (minutes) in aqueous solution containing 10% 
NaCl, KCl or CaCl2. Each line is a best fit of first order degradation kinetics. Each 
data point is an average of triplicate measurement ± standard deviation. 
 
 
 
4.4.2 PCP degradation in saline solution by UV-fructose system 
Use of photosensitizers has shown to enhance photodegradation rates of PCP 
compared to UV exposure alone 109,112. Past studies reported on UV treatment of 
fructose show that fructose produces reactive oxygen species upon UV irradiation 
1,70. This property of fructose has been harnessed in the current work to degrade 
pentachlorophenol in highly saline flowback water. Figure 4.4 shows UV induced 
degradation of PCP in water and simulated flowback water in the absence and 
presence of fructose (300 and 500 mM). UV light by itself was capable of degrading 
PCP in water and the degradation followed first order kinetics (r2>0.99). The rate 
constant was 0.233±0.04 min-1. Addition of 300 and 500 mM fructose accelerated 
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UV induced degradation of PCP in water and the degradation rate constant 
approximately doubled to 0.54±0.01 and 1.18±0.03 min-1 respectively. The t50% 
(time required for 50% degradation of PCP) were calculated based on the first order 
rate constants. These values were 2.97, 1.28 and 0.58 minutes for UV degradation 
of PCP in the presence of 0, 300 and 500 mM fructose respectively. Statistical 
analysis showed that addition of 300 and 500 mM fructose significantly increased 
the rate of UV induced degradation of PCP (p<0.05). Consistent with these 
observations, UV induced degradation of PCP in simulated flowback water (10% 
salinity) followed first order kinetics in the absence and presence of 300 and 500 
mM fructose, albeit the rate of degradation of significantly lower. The average 
degradation rate constant for PCP in presence of 0, 300 and 500 mM fructose in 
simulated flowback water were 0.085±0.02, 0.43±0.14 and 0.542±0.0.09 min-1 
respectively. Thus, the presence of salts in flowback water lowered the degradation 
rate by approximately 2-fold for degradation by UV alone and in the presence of 
fructose. Despite this effect by salt, addition of 500 mM fructose to simulated 
flowback water (10% salinity) accelerated the UV induced degradation of PCP by 
approximately 6-fold (p<0.05). The t50% values in simulated flowback water in the 
absence and presence of 300 and 500 mM fructose were 8.15, 1.6 and 1.27 minutes 
respectively.  
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Figure 4.4: Percent of pentachlorophenol (PCP) remaining as a function of 
duration of UV light exposure (minutes) in aqueous solution containing no 
photosensitizer (control 1), 10% salt (control 2), 300 & 500 mM fructose in 
distilled water or 300 & 500 mM fructose in 10% salt. Each line is a best fit of 
first order degradation kinetics. Each data point is an average of triplicate 
measurement ± standard deviation. 
 
 
 
4.4.2.1 Production and Effect of Reactive Halide Species on PCP degradation 
in saline solutions 
As seen earlier in Chapter 2, 500 mM fructose at 254 nm generates 63.7±1.11 µM 
H2O2. H2O2 undergoes photolysis under UV light to generate two hydroxyl radicals 
(HO.) 62. Since H2O2 is generated in UV exposed aqueous fructose solutions, HO
. 
is one of ROS generated by fructose. This radical is highly reactive and non-
selective and can degrade any organic contaminant irrespective of the type of the 
contaminant 62,113. Flowback water is highly saline and contains a large 
concentration of chloride ions (Cl-). Halide ions (X-) scavenge HO. from H2O2 to 
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produce reactive halogen species (RHS) like XOH.-, X2
.-, X.. The possible 
mechanism for the generation of these reactive halogen radicals can be 
demonstrated by equations 4.2-4.5 113. 
HO. + X ↔ XOH.-             (4.2) 
XOH.-  + H. ↔ X. + H2O                      (4.3) 
XOH.- + X. ↔ X2.- + HO.                                 (4.4) 
X.  + X. ↔ X2.-                        (4.5) 
These halide radicals (RHS) are more selective than hydroxyl radicals and their 
reactivity is dependent on the target compound 114. Few studies have reported the 
effect of RHS on photochemical degradation of organic compounds. Increasing the 
concentration of Cl- and Br- in solution, decreased the rate of phenol degradation 
113 whereas presence of ClBr.- did not change the rate of 4-chlorophenol degradation 
compared to absence of the halide radicals 114. In a mixture of organic compounds 
with varying electronegativity values, it was found that RHS are more selective and 
attracted towards the electron rich centers 113. The rate of degradation of electron 
rich organic compound increases in the presence of co-existing halide radicals as 
compared to the non-selective HO. 114. The –ortho and –para positions in PCP have 
negative charges, making these positions more favorable for an electrophilic attack 
115, for example, by RHS. Since fructose contains oxygen atoms that could be 
electron-rich centers that could react with RHS, in order to determine if RHS are 
reactive against the electron-rich PCP molecule, degradation studies of the 
compound were carried out in an UV-H2O2 system (i.e., without fructose), where 
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HO. are the major radicals generated. Figure 4.5 shows the effect of 1.47 mM H2O2 
on PCP degradation in the absence and presence of 10% salt. The first order 
degradation rate constants were 0.264±0.09 and 0.472±0.07 min-1 in 0 and 10% salt 
respectively. The PCP degradation rate increased significantly in the presence of 
chloride ions in UV-H2O2 system (t-test, p<0.05). Hence, RHS, which we presume 
are being produced, are selective and more reactive for PCP than HO. alone.  
 
 
 
 
Figure 4.5: Percent of pentachlorophenol (PCP) remaining as a function of 
duration of UV light exposure (minutes) in aqueous solution containing 1.47 mM 
H2O2 in 0 or 10% salt. Each line is a best fit of first order degradation kinetics. 
Each data point is an average of triplicate measurement ± standard deviation. 
 
 
 
After determining that RHS are reactive towards PCP in the absence of fructose 
(Figure 4.5), the next step was to determine the cause(s) of decreased degradation 
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rates in saline UV-fructose system as compared to non-saline system. One 
hypothesized cause was that the presence of fructose, at significantly higher levels 
than PCP (300-500 mM versus 25 mg/L), could scavenge RHS from reacting with 
PCP. Figure 4.6 shows a LC-ESI-MS (liquid chromatography-electron spray 
ionization-mass spectroscopy) scan for UV exposed PCP sample containing 
fructose and salts. The relative abundance of m/z=215, which corresponds to 
fructose+chlorine, was very high compared to other spectral peaks in the mass scan. 
This could imply that the hydroxyl radicals produced from UV photolysis of 
fructose are scavenged by the halides, which produce RHS that in turn attack the 
cyclic form of fructose over PCP, resulting in a lower degradation rate of PCP when 
compared to non-saline conditions.  
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Figure 4.6 LC-ESI-MS scan for a UV exposed PCP sample containing fructose 
and salts 
 
 
 
A second hypothesized cause for the lower PCP degradation rates by the fructose-
UV system in saline solution is that the presence of chloride ions could affect the 
generation of H2O2 from fructose and thus lower the degradation of PCP in the 
saline system. To test this second hypothesis, the effect of chloride ions in H2O2 
generation by aqueous solution of fructose was studied. For this purpose, 300 and 
500 mM fructose were prepared in 0, 5 and 10% salt solutions. Each of these 
solutions were exposed to UV-light at 254 nm and the H2O2 generated was 
measured every 0.5 minutes up to 4 minutes using ferrous xylenol orange (FOX) 
assay technique (method discussed in chapter 2). Figures 4.7 and 4.8 show the 
amount of H2O2 generated in 300 and 500 mM fructose solutions respectively. The 
amount of H2O2 generated in 300 and 500 mM fructose containing 0, 5, 10, 20% 
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salt after 4 minutes of UV exposure were 68.6±7.86, 69.9±3.83, 59.39±10.44, 
55.97±1.98 and 73.01±3.01, 67.87±2.69, 67.02±2.07, 59.32±1.02 µM respectively. 
These results indicate that a significantly higher amount of H2O2 is generated in 
solutions which contain no salt (two-tailed t-test, p<0.05). The decrease in 
production of H2O2 by fructose in the presence of salts could be one of the reasons 
for decrease in the PCP degradation rate in the presence of salts in a fructose 
photosensitized system compared to the non-salinized counterpart. From these 
results, the reason behind this observation that production of H2O2 decreases with 
increase in concentration of salts is unclear and requires further investigation. 
Despite the negative effect of salinity on H2O2 generation, UV-fructose system in 
saline conditions is still more effective in PCP degradation than UV exposure alone 
in saline conditions.  
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Figure 4.7: Hydrogen peroxide concentration (µM) generated as a function of 
duration of UV exposure (minutes) by 300 mM fructose solution in 0, 5, 10, 20% 
salt. Each data point is an average of triplicate measurement ± standard deviation. 
 
 
 
 
 
Figure 4.8: Hydrogen peroxide concentration (µM) generated as a function of 
duration of UV exposure (minutes) by 500 mM fructose solution in 0, 5, 10, 20% 
salt. Each data point is an average of triplicate measurement ± standard deviation. 
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4.4.3 Comparison of photosensitizers fructose, H2O2 and TiO2 on PCP 
degradation in Saline Solution 
Titanium dioxide (TiO2), a photocatalyst, has been studied before for PCP 
degradation 108,109. In this study, the effectiveness of fructose in degrading PCP was 
compared with TiO2 and H2O2. Figure 4.9 shows the comparison between fructose, 
TiO2 and H2O2 in UV photocatalysis of PCP. Amongst the samples without salt, 
500 mM fructose showed the highest PCP degradation rate (1.186±0.304 min-1) 
followed by 300 mM fructose (0.54±0.018 min-1), 125 mM TiO2 
(0.272±0.0007min-1) and 1.47 mM H2O2 (0.264±0.140.09 min
-1). Amongst the 
samples containing 10% salt, 500 mM fructose showed the highest PCP 
degradation rate (0.472±0.007 min-1), followed by 1.47 mM H2O2 (0.542±0.09 min
-
1), 300 mM fructose (0.43±0.14 min-1), 500 mM TiO2 (0.2030±0.011 min
-1) and 
125 mM TiO2 (0.162±0.054 min
-1). These values show that UV-fructose is very 
effective against PCP as compared to TiO2 and H2O2 with UV radiation in non-
saline environment. In saline conditions, with high chloride content, at levels 
comparable to those seen in flowback water, although the degradation rate 
decreases, UV-fructose system, is still capable for degrading PCP.  
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Figure 4.9: Degradation of pentachlorophenol (PCP) by UV-fructose/ H2O2/ TiO2 
treatment in the absence and presence of salt. 
 
 
 
The degradation products of PCP from this process depends on the type of 
treatment. Direct UV-photolysis (UV exposure only) generates chloride ions and 
aromatic intermediates. No oxalic acid is produced as treatment is not capable of 
breaking the phenol ring. However, in a photochemical system, due the production 
of highly oxidizing hydroxyl radicals, the phenyl ring is attacked to produced 
intermediates like 4-chlorocathecol, benzoquinone and hydroquinone prior to 
complete degradation to produce organic acids like oxalic acids 109. The 
intermediate compounds produced are 2,3,4,6-tetrachlorophenol, 2,3,5,6-
tetrachlorophenol, 2,4,5-trichlorophenol, 2,3,6-trichlorophenol, 2,6-dichlorophenol 
dichlorobenzenediol and acetic acid 116. Since in a photosensitized system of 
fructose and UV light similar reactive oxygen species are produced, it can be 
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predicted that similar products are produced following photochemical degradation 
of PCP. Presence of chloride ions can result in production of different compounds 
than the ones mentioned above. This area needs further investigation. 
4.4 Conclusion 
Flowback water from the hydraulic fracturing process is characterized by its high 
salinity and high concentrations of harmful organic compounds. The reactive 
oxygen species generated in UV exposed fructose solutions are capable of 
degrading pentachlorophenol, an organic contaminant found above its MCL in 
flowback waters. Fructose proved to be a more effective photosensitizer for 
degradation of PCP compared to TiO2 and H2O2, two widely used photosensitizers. 
However, in the presence of salts, as would be the case in flowback water, the 
ability of fructose to degrade PCP decreases. One of the reasons for this decrease 
is the decreased production of H2O2 by fructose in the presence of salts. Despite the 
negative effects that increased salt has on PCP degradation, UV-fructose system 
can still be employed to degrade PCP in flowback water as it still shows a higher 
rate as compared to UV exposure alone.  
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CHAPTER 5: CONCLUSION AND FUTURE STUDIES 
UV processing has been extensively used for water treatment. Many studies have 
reported the effectiveness of different photosensitizers like hydrogen peroxide 
(H2O2), Fenton’s reagent and titanium dioxide (TiO2) for degrading pesticides and 
these techniques are well established in water treatment plants. In the current study, 
I was successful in demonstrating fructose, a compound of significantly higher 
chemical safety and lower maintenance, as a photosensitizer. 
In this study, it was found that fructose generates acidic species upon UV exposure 
at 254 nm, indicated by lowering in pH values and faster degradation rates of 
fluorescein in distilled water compared to a pH controlling buffered system of 
fructose. The rate of ROS generation by fructose also depends on the initial pH of 
the solution, where low pH generated less ROS. Fructose also generates H2O2, a 
potent oxidizer, measured using ferrous-oxidation xylenol orange assay method. It 
was also observed that H2O2 generation stabilized after a certain time which can be 
explained by the fact that H2O2 undergoes photolysis under UV light to produce 
two hydroxyl radicals per photon absorbed at 254 nm. These hydroxyl radicals 
contribute towards the ROS generated in a UV-fructose system. Also, H2O2 
generation was pH dependent, where a slower production rate was observed at 
lower pH. This too added to the evidence that photosensitization by fructose is pH 
dependent. Another species generated in UV exposed fructose solution was singlet 
oxygen (1O2), which also possesses oxidative properties. Singlet oxygen was 
detected using Singlet Oxygen Sensor Green (SOSG) probe provided by Life 
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Technologies. SOSG is highly selective sensor for 1O2 and does not show any 
appreciable response to the other oxidative species.  
This oxidative nature of fructose photolysis (generation of H2O2, HO
., 1O2) under 
UV light was harnessed to degrade organic contaminants like pesticides in water. 
Diuron and chlorpyrifos were the two pesticides studied in this work. Fructose 
showed faster degradation rates for diuron compared to the conventional 
photosensitizers like  TiO2 or H2O2. However in the case of photochemical 
degradation of chlorpyrifos, even though degradation was accelerated in the 
presence of fructose compared to the control (direct photolysis), it was not as 
remarkable as TiO2 or H2O2-UV system.  
Fructose-UV system can also be employed to degrade pentachlorophenol in highly 
saline flowback water. However, it was found in this study that the photocatalytic 
property of fructose decreases in the presence of salts. One of the reasons was 
decrease in the amount of H2O2 generated by fructose under UV in the presence of 
salts. Another reason could be possible interaction between reactive halide species 
or chloride ions and fructose molecules, inhibiting the photolysis of fructose to 
yield H2O2, hence preventing the photodegradation of PCP. Despite the negative 
effect of salt, fructose in saline conditions too, showed an accelerated PCP 
degradation rate as compared to UV-TiO2 or H2O2. The overall scheme 
demonstrating the behavior of fructose under UV-light of 254 nm is depicted in 
Figure 5.1.  
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Figure 5.1 Overall reaction scheme for fructose as a photosensitizer under UV 
light 
 
 
 
Hydrogen peroxide, hydroxyl radicals, singlet oxygen and miscellaneous acidic 
species are few of the many ROS generated in a fructose-UV system. Further 
research is needed to determine if other reactive species like superoxide radicals 
and peroxyl radicals are generated. There is also potential for research in 
extrapolating the fructose-UV system for water treatment on a large scale. The type 
of reactor (batch, continuous, stirred tank), suitability in degrading different classes 
of pesticides, operation conditions and downstream processing like fructose 
removal, evaluating possibility of complete mineralization and identification and 
toxicity of degradation products are areas which require investigation. The 
photocatalytic property of fructose decreases in highly saline conditions of 
flowback water. As discussed above, one reason for this decline is decrease in the 
amount of H2O2 generation by fructose under UV light in the presence of salts. 
There could be more reasons for this behavior which should be explored to get a 
better understanding of UV-fructose photocatalytic applications for flowback 
water. It was also seen that ribose and mannose generate some ROS when exposed 
Figure 5 1 
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to UV-light under similar conditions as UV-light exposure of fructose. These sugars 
contain an aldehyde or keto group like that in case of fructose. As discussed in 
Chapter 1, the photolysis of fructose initiates through Norrish type I or Norrish 
type II reactions, and both these reactions require an open aldehyde or keto group. 
Ribose and mannose both contain an aldehyde group, hence could undergo Norrish 
reaction pathways. Other sugars like xylose, arabinose, galactose, xylulose, sorbose 
and ribulose, which belong to the class of aldoses and ketoses, can also be believed 
to undergo photolysis under UV light at 254 nm to yield oxidative species.  It would 
be interesting and worthwhile to dive further into this domain, compare these sugars 
with the use of fructose as a photosensitizer and exploit their potential benefits in 
this area.  
 
 
 
 
 
 
 
 
 
  70 
 
LIST OF REFERENCES 
 
 
 
 
1.  Triantaphylides C, Schuchmann H-P, von Sonntag C. Photolysis of d-
fructose in aqueous solution. Carbohydr Res. 1982;100:131-141. 
doi:10.1016/S0008-6215(00)81031-9. 
2.  Masschelein W, Rice R. Ultraviolet Light in Water and Wastewater 
Sanitation. CRC press; 2002. 
3.  Keyser M, Muller I a., Cilliers FP, Nel W, Gouws P a. Ultraviolet radiation 
as a non-thermal treatment for the inactivation of microorganisms in fruit 
juice. Innov Food Sci Emerg Technol. 2008;9:348-354. 
doi:10.1016/j.ifset.2007.09.002. 
4.  Yin F, Zhu Y, Koutchma T, Gong J. Inactivation and potential reactivation 
of pathogenic Escherichia coli O157:H7 in bovine milk exposed to three 
monochromatic ultraviolet UVC lights. Food Microbiol. 2015;49:74-81. 
doi:10.1016/j.fm.2015.01.014. 
5.  Guerrero-Beltran C-B. Advantages and Limitations on Processing Foods 
by UV Light. Food Sci Technol Int. 2004;10:137-147. 
doi:10.1177/1082013204044359. 
6.  Koutchma T, Forney L, Moraru C. Ultraviolet Light in Food Technology: 
Principles and Applications. CRC press; 2009. 
7.  Sampedro F, Phillips J, Fan X. Use of response surface methodology to 
study the combined effects of UV-C and thermal processing on vegetable 
oxidative enzymes. LWT - Food Sci Technol. 2014;55(1):189-196. 
doi:10.1016/j.lwt.2013.07.010. 
8.  Pirnie M, Linden KG, Malley JPJ. Ultraviolet disinfection guidance manual 
for the final long term 2 enhanced surface water treatment rule. Environ 
Prot. 2006;2(11):1-436. 
 
  71 
 
9.  Sanches S, Barreto Crespo MT, Pereira VJ. Drinking water treatment of 
priority pesticides using low pressure UV photolysis and advanced 
oxidation processes. Water Res. 2010;44(6):1809-1818. 
doi:10.1016/j.watres.2009.12.001. 
10.  Epa. Wastewater Technology Fact Sheet Ultraviolet Disinfection. United 
States Environ Prot Agency. 1999. doi:EPA 832-F-99-062. 
11.  CDC. Water treatment. 2015. 
http://www.cdc.gov/healthywater/drinking/public/water_treatment.html. 
12.  US-EPA. Water Treatment Process. 2012. 
http://water.epa.gov/learn/kids/drinkingwater/watertreatmentplant_index.cf
m. 
13.  Ohno K, Minami T, Matsui Y, Magara Y. Effects of chlorine on 
organophosphorus pesticides adsorbed on activated carbon: Desorption and 
oxon formation. Water Res. 2008;42:1753-1759. 
doi:10.1016/j.watres.2007.10.040. 
14.  Tian F-X, Xu B, Zhang T-Y, Gao N-Y. Degradation of phenylurea 
herbicides by chlorine dioxide and formation of disinfection by-products 
during subsequent chlor(am)ination. Chem Eng J. 2014;258:210-217. 
doi:10.1016/j.cej.2014.07.094. 
15.  Zhang Y, Hou Y, Chen F, Xiao Z, Zhang J, Hu X. The degradation of 
chlorpyrifos and diazinon in aqueous solution by ultrasonic irradiation: 
Effect of parameters and degradation pathway. Chemosphere. 
2011;82(8):1109-1115. doi:10.1016/j.chemosphere.2010.11.081. 
16.  Samet Y, Agengui L, Abdelhédi R. Electrochemical degradation of 
chlorpyrifos pesticide in aqueous solutions by anodic oxidation at boron-
doped diamond electrodes. Chem Eng J. 2010;161:167-172. 
doi:10.1016/j.cej.2010.04.060. 
17.  Tixier C, Sancelme M, Bonnemoy F, Annie Cuer, Veschambr H. 
Degradation products of a phenylurea herbicide, diuron: synthesis, 
ecotoxicity, and biotransformation. Environ Toxicol. 2001;20(7):1381-
1389. 
18.  Xu G, Zheng W, Li Y, Wang S, Zhang J, Yan Y. Biodegradation of 
chlorpyrifos and 3,5,6-trichloro-2-pyridinol by a newly isolated Paracoccus 
sp. strain TRP. Int Biodeterior Biodegrad. 2008;62:51-56. 
doi:10.1016/j.ibiod.2007.12.001. 
  72 
 
19.  Philip C. gearney, Mark T. Muldoon and CJS. UV-OZONATION OF 
ELEVEN MAJOR PESTICIDES AS A WASTE DISPOSAL 
PRETREATMENT. Chemosphere. 1987;16:2321-2330. 
20.  Hossain MS, Fakhruddin a. NM, Chowdhury MAZ, Alam MK. 
Degradation of chlorpyrifos, an organophosphorus insecticide in aqueous 
solution with gamma irradiation and natural sunlight. J Environ Chem Eng. 
2013;1(3):270-274. doi:10.1016/j.jece.2013.05.006. 
21.  Hossain MS, Fakhruddin a. NM, Chowdhury MAZ, Alam MK. 
Degradation of chlorpyrifos, an organophosphorus insecticide in aqueous 
solution with gamma irradiation and natural sunlight. J Environ Chem Eng. 
2013;1:270-274. doi:10.1016/j.jece.2013.05.006. 
22.  Zhang J, Zheng Z, Zhao T, et al. Radiation-induced reduction of diuron by 
gamma-ray irradiation. J Hazard Mater. 2008;151:465-472. 
doi:10.1016/j.jhazmat.2007.06.007. 
23.  Slotkin T a., Seidler FJ, Wu C, MacKillop E a., Linden KG. Ultraviolet 
photolysis of chlorpyrifos: Developmental neurotoxicity modeled in PC12 
cells. Environ Health Perspect. 2009;117(3):338-343. 
doi:10.1289/ehp.11592. 
24.  Bourgeois A, Klinkhamer E, Price J. Pesticide Removal from Water. 2012. 
25.  Katagi T. Photodegradation of pesticides on plant and soil surfaces. Rev 
Environ Contam Toxicol. 2004;182:1-189. 
26.  Burrows HD, Canle L M, Santaballa J a., Steenken S. Reaction pathways 
and mechanisms of photodegradation of pesticides. J Photochem Photobiol 
B Biol. 2002;67:71-108. doi:10.1016/S1011-1344(02)00277-4. 
27.  Carra I, Sánchez Pérez JA, Malato S, Autin O, Jefferson B, Jarvis P. 
Performance of different advanced oxidation processes for tertiary 
wastewater treatment to remove the pesticide acetamiprid. J Chem Technol 
Biotechnol. 2014;(October):n/a - n/a. doi:10.1002/jctb.4577. 
28.  Wols B a., Hofman-Caris CHM. Review of photochemical reaction 
constants of organic micropollutants required for UV advanced oxidation 
processes in water. Water Res. 2012;46(9):2815-2827. 
doi:10.1016/j.watres.2012.03.036. 
 
  73 
 
29.  Larson R a, Stackhouse PL, Crowley TO. Riboflavin Tetraacetate - a 
Potentially Useful Photosensitizing Agent for the Treatment of 
Contaminated Waters. Environ Sci Technol. 1992;26(9):1792-1798. 
doi:10.1021/es00033a013. 
30.  Javier Benitez F, Acero JL, Real FJ. Degradation of carbofuran by using 
ozone, UV radiation and advanced oxidation processes. J Hazard Mater. 
2002;89:51-65. doi:10.1016/S0304-3894(01)00300-4. 
31.  Djebbar KE, Zertal A, Debbache N, Sehili T. Comparison of Diuron 
degradation by direct UV photolysis and advanced oxidation processes. J 
Environ Manage. 2008;88:1505-1512. doi:10.1016/j.jenvman.2007.07.034. 
32.  Fenoll J, Flores P, Hellín P, Martínez CM, Navarro S. Photodegradation of 
eight miscellaneous pesticides in drinking water after treatment with 
semiconductor materials under sunlight at pilot plant scale. Chem Eng J. 
2012;204-205:54-64. doi:10.1016/j.cej.2012.07.077. 
33.  Devi LG, Murthy BN, Kumar SG. Photocatalytic activity of V5+, Mo6+ 
and Th4+ doped polycrystalline TiO2 for the degradation of chlorpyrifos 
under UV/solar light. J Mol Catal A Chem. 2009;308:174-181. 
doi:10.1016/j.molcata.2009.04.007. 
34.  Bray G a., Nielsen SJ, Popkin BM. Consumption of high-fructose corn 
syrup in beverages may play a role in the epidemic of obesity. Am J Clin 
Nutr. 2004;79:537-543. 
35.  Walker RW, Dumke K a., Goran MI. Fructose content in popular 
beverages made with and without high-fructose corn syrup. Nutrition. 
2014;30(7-8):928-935. doi:10.1016/j.nut.2014.04.003. 
36.  Colin T, Bories A, Sire Y, Perrin R. Treatment and valorisation of winery 
wastewater by a new biophysical process (ECCF). Water Sci Technol. 
2005;51:99-106. 
37.  Torto N, Lobelo B, Gorton L. Determination of saccharides in wastewater 
from the beverage industry by microdialysis sampling, microbore high 
performance anion exchange chromatography and integrated pulsed 
electrochemical detection. Analyst. 2000;125:1379-1381. 
doi:10.1039/b004064i. 
38.  Bories A. A novel bio-physical way for the treatment and valorisation of 
wastewaters from food industries. In: !st World Conference on Biomass for 
Energy and Industry. Séville, ESP; 2000:1533-1536. 
  74 
 
39.  Mehta B, Mehta M. Organic Chemistry. PHI Learning Pvt. Ltd; 2005. 
40.  Funcke W, von Sonntag C, Triantaphylides C. Detection of the open-chain 
forms of d-fructose and L-sorbose in aqueous solution by using 13C-n.m.r. 
spectroscopy. Carbohydr Res. 1979;75:305-309. doi:10.1016/S0008-
6215(00)84649-2. 
41.  Nollet L, Rathore H. Handbook of Pesticides: Methods of Pesticide 
Residues Analysis. CRC press; 2010. 
https://books.google.com/books?id=pSsz45_yAP4C&pg=PR15&lpg=PR15
&dq=nollet,+rathore+2010&source=bl&ots=8H8UXIx7Qo&sig=JpC_kOT
XNlu_GMmn3EEAhB9Zi9E&hl=en&sa=X&ved=0CCsQ6AEwAmoVCh
MIqaWDz6GGxgIVCwOsCh1-RQDm#v=onepage&q=nollet%2C rathore 
2010&f=false. 
42.  Chiron S, Fernandez-Alba A, Rodriguez A, Garcia-Calvo E. Pesticide 
chemical oxidation: State-of-the-art. Water Res. 2000;34(2):366-377. 
doi:10.1016/S0043-1354(99)00173-6. 
43.  Richardson SD. Water Analysis : Emerging Contaminants and Current 
Issues. 2007;79(12):4295-4324. 
44.  US-EPA. Pentachlorophenol. 2013. 
http://www.epa.gov/ttnatw01/hlthef/pentachl.html. 
45.  Abualfaraj N, Gurian PL, Olson MS. Characterization of Marcellus Shale 
Flowback Water. Environ Eng Sci. 2014;31(9):140716083132007. 
doi:10.1089/ees.2014.0001. 
46.  Simon D, Helliwell S, Robards K. Analytical chemistry of chlorpyrifos and 
diuron in aquatic ecosystems. Anal Chim Acta. 1998;360:1-16. 
doi:10.1016/S0003-2670(97)00680-6. 
47.  Giacomazzi S, Cochet N. Environmental impact of diuron transformation: 
A review. Chemosphere. 2004;56:1021-1032. 
doi:10.1016/j.chemosphere.2004.04.061. 
48.  Moncada A. Environmental Fate of Diuron. Ground Water. 1998. 
49.  EPA. Environmental risk assessment for the reregistration of diuron. 
1999;(035505). 
 
  75 
 
50.  Lamoree MH, Swart CP, Van der Horst a., Van Hattum B. Determination 
of diuron and the antifouling paint biocide Irgarol 1051 in Dutch marinas 
and coastal waters. J Chromatogr A. 2002;970(2002):183-190. 
doi:10.1016/S0021-9673(02)00878-6. 
51.  Thomas K V., Fileman TW, Readman JW, Waldock MJ. Antifouling paint 
booster biocides in the UK coastal environment and potential risks of 
biological effects. Mar Pollut Bull. 2001;42(8):677-688. 
doi:10.1016/S0025-326X(00)00216-2. 
52.  Cox C. Diuron. J Pestic reform. 2003;23(1):12-20. 
53.  Tan C, Gao N, Chu W, Li C, Templeton MR. Degradation of diuron by 
persulfate activated with ferrous ion. Sep Purif Technol. 2012;95:44-48. 
doi:10.1016/j.seppur.2012.04.012. 
54.  Feng J, Zheng Z, Sun Y, et al. Degradation of diuron in aqueous solution 
by dielectric barrier discharge. J Hazard Mater. 2008;154:1081-1089. 
doi:10.1016/j.jhazmat.2007.11.013. 
55.  Carrier M, Besson M, Guillard C, Gonze E. Removal of herbicide diuron 
and thermal degradation products under Catalytic Wet Air Oxidation 
conditions. Appl Catal B Environ. 2009;91:275-283. 
doi:10.1016/j.apcatb.2009.05.036. 
56.  Malato S, Blanco J, Fernández-Alba a. R, Agüera a. Solar photocatalytic 
mineralization of commercial pesticides: Acrinathrin. Chemosphere. 
2000;40:403-409. doi:10.1016/S0045-6535(99)00267-2. 
57.  Dow AgroSciences L. Chlorpyrifos Studies : The Debate is in the Details. 
2009:1-13. 
58.  Randhawa MA, Anjum FM, Ahmed A, Randhawa MS. Field incurred 
chlorpyrifos and 3,5,6-trichloro-2-pyridinol residues in fresh and processed 
vegetables. Food Chem. 2007;103:1016-1023. 
doi:10.1016/j.foodchem.2006.10.001. 
59.  Cáceres T, He W, Naidu R, Megharaj M. Toxicity of chlorpyrifos and TCP 
alone and in combination to Daphnia carinata: The influence of microbial 
degradation in natural water. Water Res. 2007;41(19):4497-4503. 
doi:10.1016/j.watres.2007.06.025. 
60.  US-ATSDR. Chlorpyrifos- Regulations and Advisories. (Mcl). 
http://www.atsdr.cdc.gov/toxprofiles/tp84-c7.pdf. 
  76 
 
61.  Muhamad SG. Kinetic studies of catalytic photodegradation of chlorpyrifos 
insecticide in various natural waters. Arab J Chem. 2010;3(2):127-133. 
doi:10.1016/j.arabjc.2010.02.009. 
62.  Maillard C, Guillard C, Pichat P. Comparative effects of the titanium 
dioxide-UV, hydrogen peroxide-UV, hydrogen peroxide-iron (II) systems 
on the disappearance rate of benzamide and 4-hydroxybenzamide in water. 
Chemosphere. 1992;24(8):1085-1094. 
63.  Fujishima A, Zhang X. Titanium dioxide photocatalysis: present situation 
and future approaches. Comptes Rendus Chim. 2006;9:750-760. 
doi:10.1016/j.crci.2005.02.055. 
64.  Fujishima A, Rao TN, Tryk D a. Titanium dioxide photocatalysis. J 
Photochem Photobiol C Photochem Rev. 2000;1(March):1-21. 
doi:10.1016/S1389-5567(00)00002-2. 
65.  Grätzel CK, Jirousek M, Grätzel M. Decomposition of organophosphorus 
compounds on photoactivated TiO2 surfaces. J Mol Catal. 1990;60:375-
387. doi:10.1016/0304-5102(90)85260-O. 
66.  Bule M V., Desai KM, Parisi B, et al. Furan formation during UV-
treatment of fruit juices. Food Chem. 2010;122(4):937-942. 
doi:10.1016/j.foodchem.2010.03.116. 
67.  Taylor P, Tikekar R V, Laborde LF, Anantheswaran RC, Anantheswaran 
RC. Fruit Juices : Ultraviolet Light Processing Fruit Juices : Ultraviolet 
Light Processing. 2010;(929522106). doi:10.1081/E-EAFE2-120045379. 
68.  Tikekar R V, Anantheswaran RC, Laborde LF. Ascorbic Acid Degradation 
in a Model Apple Juice System and in Apple Juice during Ultraviolet 
Processing and Storage. 2011;76(2). doi:10.1111/j.1750-
3841.2010.02015.x. 
69.  Orlowska M, Koutchma T, Grapperhus M, Gallagher J, Schaefer R, 
Defelice C. Continuous and Pulsed Ultraviolet Light for Nonthermal 
Treatment of Liquid Foods . Part 1 : Effects on Quality of Fructose 
Solution , Apple Juice , and Milk. Food Bioprocess Technol. 2013;6:1580-
1592. doi:10.1007/s11947-012-0779-8. 
70.  Elsinghorst A, Tikekar R V. Generation of oxidative species from 
ultraviolet light induced photolysis of fructose. Food Chem. 
2014;154(January):276-281. doi:10.1016/j.foodchem.2014.01.008. 
  77 
 
71.  DeRosa MC, Crutchley RJ. Photosensitized singlet oxygen and its 
applications. Coord Chem Rev. 2002;233-234:351-371. 
doi:10.1016/S0010-8545(02)00034-6. 
72.  Gupta BL. Microdetermination techniques for H2O2 in irradiated solutions. 
Microchem J. 1973;18:363-374. doi:10.1016/0026-265X(73)90059-3. 
73.  Bou R, Codony R, Tres A, Decker E a., Guardiola F. Determination of 
hydroperoxides in foods and biological samples by the ferrous oxidation-
xylenol orange method: A review of the factors that influence the method’s 
performance. Anal Biochem. 2008;377:1-15. doi:10.1016/j.ab.2008.02.029. 
74.  Lin H, Shen Y, Chen D, et al. Feasibility Study on quantitative 
measurements of singlet oxygen generation using singlet oxygen sensor 
green. J Fluoresc. 2013;23:41-47. doi:10.1007/s10895-012-1114-5. 
75.  Ou B, Hampsch-Woodill M, Prior RL. Development and validation of an 
improved oxygen radical absorbance capacity assay using fluorescein as 
the fluorescent probe. J Agric Food Chem. 2001;49:4619-4626. 
doi:10.1021/jf010586o. 
76.  Ou B, Hampsch-Woodill M, Flanagan J, Deemer EK, Prior RL, Huang D. 
Novel fluorometric assay for hydroxyl radical prevention capacity using 
fluorescein as the probe. J Agric Food Chem. 2002;50(Ii):2772-2777. 
doi:10.1021/jf011480w. 
77.  Sjöback R, Nygren J, Kubista M. Absorption and fluorescence properties 
of fluorescein. Spectrochim Acta Part A Mol Biomol Spectrosc. 
1995;51:L7-L21. doi:10.1016/0584-8539(95)01421-P. 
78.  Klonis N, Sawyer WH. Spectral properties of the prototropic forms of 
fluorescein in aqueous solution. J Fluoresc. 1996;6(3):147-157. 
doi:10.1007/BF00732054. 
79.  Qiang Z, Chang J-H, Huang C-P. Electrochemical generation of hydrogen 
peroxide from dissolved oxygen in acidic solutions. Water Res. 
2002;36:85-94. doi:10.1016/S0043-1354(01)00235-4. 
80.  Maisch T, Baier J, Franz B, et al. The role of singlet oxygen and oxygen 
concentration in photodynamic inactivation of bacteria. Proc Natl Acad 
Sci. 2007;104(17):7223-7228. 
81.  Flors C, Fryer MJ, Waring J, et al. Imaging the production of singlet 
oxygen in vivo using a new fluorescent sensor, Singlet Oxygen Sensor 
Green?? In: Journal of Experimental Botany.Vol 57.; 2006:1725-1734. 
  78 
 
82.  Molecular probes product information. 2004:1-2. www.probes.com. 
83.  Flors C, Fryer MJ, Waring J, et al. Imaging the production of singlet 
oxygen in vivo using a new fluorescent sensor , Singlet Oxygen Sensor 
Green â. J Environ Bot. 2006;57(8):1725-1734. doi:10.1093/jxb/erj181. 
84.  Hideg E. A comparative study of fluorescent singlet oxygen probes in plant 
leaves. Cent Eur J Biol. 2008;3(3):273-284. doi:10.2478/s11535-008-0018-
5. 
85.  Ragàs X, Jiménez-Banzo A, Sánchez-García D, Batllori X, Nonell S. 
Singlet oxygen photosensitisation by the fluorescent probe Singlet Oxygen 
Sensor Green. R Soc Chem. 2009:2920-2922. doi:10.1039/b822776d. 
86.  Dong YY, Li SM, Ma MG, Yao K, Sun RC. Compare study cellulose/Ag 
hybrids using fructose and glucose as reducing reagents by hydrothermal 
method. Carbohydr Polym. 2014;106:14-21. 
doi:10.1016/j.carbpol.2014.02.023. 
87.  Drew KN, Zajicek J, Bondo G, Bose B, Serianni AS. 13C-labeled 
aldopentoses: Detection and quantitation of cyclic and acyclic forms by 
heteronuclear 1D and 2D NMR spectroscopy. Carbohydr Res. 1998;307(3-
4):199-209. doi:10.1016/S0008-6215(98)00040-8. 
88.  Schwartzberg H, Hartel R. Physical Chemistry of Foods. New York: 
Marcel Dekker,INC; 1992. 
89.  Malato S, Blanco J, Cáceres J, Fernández-Alba a. R, Agüera a., Rodríguez 
a. Photocatalytic treatment of water-soluble pesticides by photo-Fenton and 
TiO2 using solar energy. Catal Today. 2002;76:209-220. 
doi:10.1016/S0920-5861(02)00220-1. 
90.  Badawy MI, Ghaly MY, Gad-Allah T a. Advanced oxidation processes for 
the removal of organophosphorus pesticides from wastewater. 
Desalination. 2006;194:166-175. doi:10.1016/j.desal.2005.09.027. 
91.  Hirahara Y, Ueno H, Nakamuro K. Aqueous photodegradation of fenthion 
by ultraviolet B irradiation: Contribution of singlet oxygen in 
photodegradation and photochemical hydrolysis. Water Res. 2003;37:468-
476. doi:10.1016/S0043-1354(02)00272-5. 
92.  Coelho C, Cavani L, Halle A Ter, Guyot G, Ciavatta C, Richard C. Rates 
of production of hydroxyl radicals and singlet oxygen from irradiated 
compost. Chemosphere. 2011;85(4):630-636. 
doi:10.1016/j.chemosphere.2011.07.007. 
  79 
 
93.  PAN(PEsticide Action Network). Chlorpyrifos Factsheet. 2006. 
www.panna.org. 
94.  Oturan M a., Oturan N, Edelahi MC, Podvorica FI, Kacemi K El. Oxidative 
degradation of herbicide diuron in aqueous medium by Fenton’s reaction 
based advanced oxidation processes. Chem Eng J. 2011;171(1):127-135. 
doi:10.1016/j.cej.2011.03.072. 
95.  Katsumata H, Sada M, Nakaoka Y, Kaneco S, Suzuki T, Ohta K. 
Photocatalytic degradation of diuron in aqueous solution by platinized 
TiO2. J Hazard Mater. 2009;171:1081-1087. 
doi:10.1016/j.jhazmat.2009.06.110. 
96.  Kiss a., Virág D. Interpretation and modelling of environmental behaviour 
of diverse pesticides by revealing photodecomposition mechanisms. 
Microchem J. 2009;92:119-122. doi:10.1016/j.microc.2008.12.002. 
97.  Jirkovsky J, Faure V, Boule P. Photolysis of Diuron. Pestic Sci. 
1997;50:42-52. 
98.  Mazellier P, Jirkovsky J, Bolte M. Degradation of diuron photoinduced by 
iron ( III ) in aqueous solution. Pestic Sci. 1997;49(Iii):259-267. 
99.  Affam AC, Chaudhuri M. Degradation of pesticides chlorpyrifos, 
cypermethrin and chlorothalonil in aqueous solution by TiO2 
photocatalysis. J Environ Manage. 2013;130:160-165. 
doi:10.1016/j.jenvman.2013.08.058. 
100.  ChemWiki UD. The dynamic chemistry E-textbook. 2015. 
http://chemwiki.ucdavis.edu/Reference/Reference_Tables/Thermodynamic
s_Tables/T3%3A_Bond_Energies. 
101.  American Petroleum Institute. Water Management Associated with 
Hydraulic Fracturing. API Guid Doc. 2010;HF2(June). 
102.  Schramm E. What is flowback , and how does it differ from produced 
water ? Inst energy Environ Res Northeast Pennsylvania Clear. 2011:1-2. 
103.  Lester Y, Ferrer I, Thurman EM, et al. Characterization of hydraulic 
fracturing flowback water in Colorado: Implications for water treatment. 
Sci Total Environ. 2015;512-513:637-644. 
doi:10.1016/j.scitotenv.2015.01.043. 
  80 
 
104.  US-EPA. Environmental Protection Agency. 2012. 
http://water.epa.gov/type/groundwater/uic/class2/hydraulicfracturing/wells
_hydrowhat.cfm. Accessed August 5, 2015. 
105.  Haluszczak LO, Rose AW, Kump LR. Geochemical evaluation of 
flowback brine from Marcellus gas wells in Pennsylvania, USA. Appl 
Geochemistry. 2013;28:55-61. doi:10.1016/j.apgeochem.2012.10.002. 
106.  Fang Q, Shi X, Zhang L, et al. Effect of titanium dioxide nanoparticles on 
the bioavailability, metabolism, and toxicity of pentachlorophenol in 
zebrafish larvae. J Hazard Mater. 2015;283:897-904. 
doi:10.1016/j.jhazmat.2014.10.039. 
107.  Govindan K, Murugesan S, Maruthamuthu P. Photocatalytic degradation of 
pentachlorophenol in aqueous solution by visible light sensitive NF-
codoped TiO2 photocatalyst. Mater Res Bull. 2013;48(5):1913-1919. 
doi:10.1016/j.materresbull.2013.01.047. 
108.  Quan X, Ruan X, Zhao H, Chen S, Zhao Y. Photoelectrocatalytic 
degradation of pentachlorophenol in aqueous solution using a TiO2 
nanotube film electrode. Environ Pollut. 2007;147(2):409-414. 
doi:10.1016/j.envpol.2006.05.023. 
109.  Gunlazuardi J, Lindu WA. Photocatalytic degradation of 
pentachlorophenol in aqueous solution employing immobilized TiO2 
supported on titanium metal. J Photochem Photobiol A Chem. 
2005;173(1):51-55. doi:10.1016/j.jphotochem.2005.01.002. 
110.  Li X, Lin Z, Luo C, Bai J, Sun Y, Li Y. Enhanced microbial degradation of 
pentachlorophenol from soil in the presence of earthworms : Evidence of 
functional bacteria using DNA- stable isotope probing. Soil Biol Biochem. 
2015;81:168-177. doi:10.1016/j.soilbio.2014.11.011. 
111.  Lan Q, Liu H, Li FB, Zeng F, Liu CS. Effect of pH on pentachlorophenol 
degradation in irradiated iron/oxalate systems. Chem Eng J. 
2011;168(3):1209-1216. doi:10.1016/j.cej.2011.02.017. 
112.  Xie J, Zhou Z, Lian Y, Hao Y, Li P, Wei Y. Synthesis of α-Fe2O3/ZnO 
composites for photocatalytic degradation of pentachlorophenol under UV–
vis light irradiation. Ceram Int. 2015;41(2):2622-2625. 
doi:10.1016/j.ceramint.2014.10.043. 
 
  81 
 
113.  Grebel JE, Pignatello JJ, Mitch W a. Effect of halide ions and carbonates 
on organic contaminant degradation by hydroxyl radical-based advanced 
oxidation processes in saline waters. Environ Sci Technol. 
2010;44(17):6822-6828. doi:10.1021/es1010225. 
114.  Li Y, Song W, Fu W, Tsang DCW, Yang X. The roles of halides in the 
acetaminophen degradation by UV/H2O2 treatment: Kinetics, mechanisms, 
and products analysis. Chem Eng J. 2015;271:214-222. 
doi:10.1016/j.cej.2015.02.090. 
115.  Lee BD, Lee MJ, Lee SH, Lee CH, Kim YC. Prediction of reaction 
intermediate(s) of pentachlorophenol degradation: An application of atomic 
charge distribution calculations. Bull Korean Chem Soc. 2011;32(10):3549-
3550. doi:10.5012/bkcs.2011.32.10.3549. 
116.  Espino MPB. Photolytical Degradation Products of Pentachlorophenol in 
Aqueous Solution and Organic Solvents. 2008;137(December):179-188.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  82 
 
APPENDIX 
 
 
 
 
1. Effect of UV treatment of TiO2 and H2O2 on fluorescein 
In order to study the photocatalytic behavior of fructose in degrading fluorescein 
under UV-light, H2O2 and TiO2 were used for comparison. These experiments also 
provided the workable appropriate concentrations of H2O2 and TiO2 for the 
pesticide degradation studies.  
Titanium dioxide, hydrogen peroxide and sugars ribose and mannose were added 
individually to 1 µM fluorescein solution in order to compare their photosensitivity. 
The conditions and technique of UV-treatment remained same as discussed earlier. 
Figures 1-4 show the degradation curves for different concentrations of each of the 
above compounds. Table 1 illustrates the rate constant values for each sample.  
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Figure 1: Relative fluorescence decay of fluorescein as a function of duration of 
UV exposure (seconds) in the presence of titanium dioxide (20, 100, 300, 500 
mM) in distilled water. Each data point is an average of triplicate measurement ± 
standard deviation. 
 
 
 
 
Figure 2: Relative fluorescence decay of fluorescein as a function of duration of 
UV exposure (seconds) in the presence of hydrogen peroxide (0.1, 0.5, 1.47, 4.4, 
8.8 mM) in distilled water. Each data point is an average of triplicate 
measurement ± standard deviation. 
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Table 1: Fluorescein degradation rate constant (sec-1) values upon UV exposure 
in the presence of TiO2 (20, 100, 300, 500 mM) and H2O2 (0.1, 0.5, 1.47, 4.4, 8.8 
mM)  
Sample Rate constant (sec-1) 
TiO2  20 mM 
100 mM 
300 mM 
500 mM 
0.019±0.0051 
0.059±0.0315 
0.087±0.021 
0.113±0.0065 
H2O2 0.1 mM 
0.5 mM 
1.47 mM 
4.4 mM 
8.8 mM 
0.033±0.0052 
0.058±0.0055 
0.093±0.01 
0.142±0.011 
0.237±0.0106 
 
 
 
2. FOX assay standard curve for hydrogen peroxide 
 
  
 
 
Figure 3: FOX assay standard curve for hydrogen peroxide measurement. 
Hydrogen peroxide was serially diluted (0-50 µM) and the absorbance was 
measure by UV-Vis spectrophotometer. Each data point is an average of triplicate 
measurements. 
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3. Standard curves for diuron, chlorpyrifos and pentachlorophenol 
 
 
 
 
Figure 4: HPLC derived standard curve for diuron. Diuron was serially diluted 
(0-30 ppm) and their corresponding area under the curves were measured using 
HPLC.  
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Figure 5: GC derived standard curve for chlorpyrifos. Chlorpyrifos was serially 
diluted (0-2 ppm) and their corresponding area under the curves were measured 
using GC. 
 
 
 
 
Figure 6: HPLC derived standard curve for Pentachlorophenol. PCP was serially 
diluted (0-25 ppm) and their corresponding area under the curves were measured 
using HPLC 
   
 
 
